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TRANSLATORS’ PREFACE 


T his translation is from the second revised 
German edition ; it is laoped that it is not 
too literal a rendering of the original, our 
object being to produce a readable and accurate 
version. 

The current German edition has been specially 
amplified for this translation by the author, to 
whom our thanks are due, and we are also deeply 
indebted to Mr. W. G. King for his invaluable help 
in the translation. 

E. W. B. 

T. S. W. 

Apnl, IQ2J 


PREFACE TO THE FIRST EDFITON 

T he three essays which form the contents of 
this little book have appeared during the 
past year in “ Die Natuiwissenschaften.” 
They deal with the one subject, the physical theory 
of atoms, from different points of view; the first 
gives a general survey of the modern theory of 
atoms, whilst the other two discuss questions which 
I myself have endeavoured to answer. The similar- 
ity of subject matter involves several repetitions. 
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but to condense the three essays into one compre- 
hensive summary seemed to me impossible without 
detriment to their character. It would also be out 
of place, since A. Sommerfeld has recently publishc<l 
a book, '‘Atomic vStructure and Spectral Lines," 
translated by H. L. Brose (Methuen & Co. Ltd.), 
which deals comprehensively, yet simply, with the 
recent advances in the physical atomic theory. 
These essays arc for those Who have not time to 
study the larger work of Sommerfeld; 

M, BORN 

Frankpuut a. M„3olh April, rgao 


PREFACE TO THE SECOND EDFITON 

T he form of these essays precludes any e.\- 
tensive alterations. I have thoreforo hud to 
confine myself to incorporating the most 
important of the recent advances, i)articLilarly 
Aston's work on isolop}/ in ordinary elements, 
Franck’s spectroscopic determination of Iho eloclron- 
affinities of halogen atoms, and Knipping’s measure- 
ments of the ionisation-energies of the hydrogmi 
halides, hor the rest I have only made minoi' 
alterations and additions to the references. Dr. K. 
Minkowski has kindly assisted me in reading llie 
proofs. 

M. HORN 

GOTTINGEN, , 5 //j December, rgs/ 
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THE ATOM ^ 

INTRODUCTION 

T he modem theory of Ihe atom has its origin in 
chemistry. Physicists have turned only slowly and 
reluctantly to the atomic point of view, and while 
atoms and molecules have long been in daily use by the 
chemist, it is but a short time since there were pliysicists 
who regarded the atomic theory as a sometimes seemingly 
but in the main avoidable, hypothesis. It is not so 
to-day. Tile physicist, lielpcd by the investigations of the 
last few years, may now presume to instruct the chemist in 
the nature and the actions of the atom, Vov physical 
metliods penetrate deeper into the atom than do chemical ; 
wliile llu‘ sjiecuhitions of chemists on the structure of atoms 
find 11 h‘ forces at woik betwei'U them, especially as legaids 
valency, were soim^what arbitral y, being chiellv based on 
one inanifi'station of atomic foici' “clusnical combin.ition, 
the idea of llu* atom as conceived b}' picsent-day physicists 
is, in many vital respects, free from such arbitral mess. 
One can be con(i(lent that future investigation will amplify, 
but at the same time leave, the clear outline that we now 
know. 

* I'luin ,111 luklicss dehveied on tho liltictli y oi the 

luanklut ter chcmischcn Ocscllschaft, No\Tnil>ci rsl, 
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But what is this outline like ? The space at our disposal 
is insufficient to show how it gradually grew, like a mosaic, 
from countless small pieces; it is better, therefore, to 
describe how modern physics regards the atom, and then 
deduce some of its properties, which are already empirically 
known. 

j This process might be called a synthesis of the universe ; 

I for aU matter consists of atoms, so that the physicist can 
say, like Archimedes : ” Give me the atom, and I will build 
the world." 

I. Electrons and Nuclei 

In chemistry the atom is still the "smallest," indivisible 
as its name implies. In physics this can no longer be, for 
otherwise the question of the constitution of the atom would 
be meaningless. The innumerable lines of an iron spectrum 
prove that there must be within an iron atom highly complex 
oscillations, compared with which those of modern orchestral 
music arc very simple. 

The atom being a structure, what are its components ? 

First, it will be shown how physics ansiwers this question, 
and then, as far as space peiniits, the evidence for the stat(‘- 
ments will be given. 

There are two kinds of components which arc distin- 
guished by their electrical charges. The negalivcly-charged 
particles are all of the same size and equally chaigod ; they 
are called electrons. Their mass is exceedingly small, about 
1/1S33, when compared with that of the H atom. It is very 
probable tliat the positively-charged particles can be referred 
to a single constituent. This question as it stands to-day 
will be discussed later ; in the meantime, it may be assumed 
that there aie as many kinds of these positively-charged 
particles as there arc chemical cleracuts. They contain the 
bulk of the weight and the mass of the atoms, and are there- 
fore called or simply miclei. 
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2. The Structure of the Atom 

An atom, or ion, consists of one nucleus and a number, z, 
of electrons. If the atom is " neutral," the charge of the, 
nucleus must be equal to that of the combined electrons; 
and, as all these arc equal and have the same charge, e, the, 
nuclear charge must be a simple multiple of e, namely, ze. 
The number z is called the iinckar charge-nmnhei', atomic- 
■munhey, or posilion-nmibey. One can arrange all the nuclei 
in a series with increasing values of z, and one then obtains 
the same order as in the well-known periodic system of the 
elements (Fig. i), e.g. 11 has z -- i. He z — 2 , and so on. 
It is the nuclear charge that is imporlant, not the atomic 
weight, for several elements arc known where the order 
in the periodic system, depending on chemical properiies, 
is not that of increasing atomic weight ; thus the lighter 
potassium, K, follows the heavier argon. A, and the lighter 
nickel, Ni, the heavier cobalt, Co. Lalci it will be shown that 
the order of the piniodic system is intimately connected witli 
the structure of tile atom. 

In a neutral atom each nucleus is suiiounded by as many 
('IccLrons as its number z indicates ; the H nucleus has one 
electron, the He micleiis has two electrons, and so on. If 
one electron is lacking, then the posilivt' inicloar cluugc i-. 
Ill e.xcess, and a monovalent -positive ion results. II -|- i 
I’lcctrons are prc'scnt, then the ion is monovalent and negaltvc. 
Ill the same way di- and poly-valent positive and negaUve 
ions can be e.xplained. Thus, for instance, the IF ion is 
iioLliing moio than Llie H nucleus, and tlie lie' ' ion is the 
He mii'leus, W’liich we shall find again in the a-rays. 

j, Titi' Aiomic Thkouy of Hr kctricii'v 

liefure we desciibe tin* aiomic system in detail, tlie 
above statements must be pioved. In order to acconni foi" 
the pbenomenon of electrolysis, Helmholtz had alieady put 
forward the hypothesis tliat clecliicity, like mailer, was 




F[G. I — '1 he periodic system of the elements, including atomic numbers and atomic weights. 
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\ atomically constituted, thus cxjjlaining the well-known law 
of Faraday, that chemically equivalent weights always 
transport the same quantity of electricity. The discovery 
of the cathode rays, and lalor of the rays of radioactive 
substances, rendered possible (he proof of the Helmholti! 
, hypothesis. If, for insLaneo, one brings a beam of cathode 
Vays into an electrical field, it is deflected as it it consisled 
of single, negatively-charged, heavy particles. Fig. z shows 
an evacuated glass vessel with anode A and cathode K ; the 
cathode rays proceed from the latter and traverse the field 
between two charged condenser plates, wherein they are 
deflected. By combining an electrical with a magnetic 
deviation the velocity and the ratio of charge to mass, 



F ifr. 2 , — Cathoclu rayw in an clccincril lidtU 


can be doici mined. ^ This ratio was found to be manv 
times greater than in electrolysis : 

^ X 10^’ IC.S.U. per grnm, 

fii 

If it bo assumed, as is prol^alde, that the charge is llu* same 
in botli, it follows that tlie mass of the (Mlliode-iay particles 
must be much Jess than that of the alonis, being al)out 
1830 times smaller than lha( of the 11 alom. These lu'galive 
pai tides arc the e/ec/yoits. 


-|. PosnivK RLicrriUd'iv 

Positive rays have also been found and the ratio cjfn 
dcLei mined for them, as, for instance, for the so-ealled 
canal rays of Goldstein/** which travel through holes in 
the cathode in the direction opposite to that of the cathode 
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^ rays and the a-rays of radioactive substances. I-Ierc, how- 
'ever, ejin was found to be of the same magnitude as in 
electrolysis. So far no one has succeeded in isolating positive j 
electricity apart from matter, so that the heavy portions of' 
the atom are these positive elementary particles. Particularly ; 
important is the discovery that tire a-particles of radioactive 
substances are doubly-charged He atoms, that is, He nuclei.®, 
J. J. Thomson has been able to produce in a vacuum tube 
canal ra5'S of manj' elements, and to measure ejtn lor each 
of them.^ The method used has recently been improved 
by Asion, to whose investigations w*e will refer later; tlic3' 
throw much light on the nature of the positive elementary 
particles. 

5. The Charge on an Electron 


Electrons will now be used to explain numerous electrical 
and optical phenomena. It has been shown that the colour 
dispel sion of light depends on the vibiations of elastically- 
bound electrons in the atoms of the disposing medium, and 
that the ratio ejin can be calculated from purely optical 
measurements of the retractive index to agree well with the 
cathodc-ray value.® This was accomplished by a study of 
the way in which the lines of the emission spectra of elements 
are perturbed and split up in magnetic fields (Zeeman 
effect).® 

British physicists studied the conductivity of gases, and 
explained it by the ionisation of the molecules. Those 
invcstigalions finally led to the discovery of a method of 
measuring the electrical elementary-quantum, e, in absolute 
units ’ Minute drops of water or oil, or metal spheres of 
microscopic orultia-micioscopic dimensions, become charged 
in ionised gases, and are deflected in electrical fichls, thus 
forming extiemcly sensitive electroscopes. In this manner 
Millikan, of Chicago, found that all charges occurring on 
the drops were whole multiples of the quantum 
e 477 X TO -■ E.S.U, 



THE ATOM 


7 


This is now taken to be the charge on the electron. 
Ehrenhaft, of Vienna, who worked with considerably smaller 
drops, believed he had detected much smaller charges, and 
denied the existence of an electron of this magnitude. More 
recent experiments, particularly those of Regener and his 
collaborators and of Bar, suggest, however, that the pheno- 
mena observed by Ehrenhaft cannot be explained by a 
subdivision of the elementary charge, but arc due rather to 
(ho adsorption of gases on the surfaces of the minute spheres, 
which then appear to possess abnormally small densities. 

6. The Magnitude of Electrons and Nuclei 

How small must one imagine the electron to be ? The 
answer is given by a universal law of electro-dynamics which 
is intimately bound up with the modern theory of relativity. 



Fio, 3. 


By the mass of a body, physics does not understand any 
particular mass for that quantity of matter, but that which 
is yielded by its resistance to changes of velocity (accelera- 
tion). The masses of two bodies are mvcisely proportional 
to the changes of velocity which one and the same force 
imparls to them. Fiom tliis definition and the law of the 
centre of gravity in mechanics, it follows tliat the mass 
is not exactly constant, but depends on tlic cneigy-content 
of the body. Einstein lias shown this vciy important fact 
somewliat as follows : 

Imagine a long lube (Fig. 3) at one end of whicli is a 
body A, and at tlie other end a body B, l)oth of exactly the 
same material and magnitude and therefore, ordinarily 
speaking, of the same mass. Let A contain a certain amount 
of energy in excess of B, and also some means whereby this 
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energy can be radiated in the dhection of B in tlic form of 
a flash of light. When this occuns, A suEcrs a recoil through 
the light-pressure — ^Ihe existence of which has been proved 
both experimentally and theoretically — and the whole tube 
will then move towards the left until the light reaches B 
and has been absorbed liy it. In the collision of the light 
with B, the light-pressure acts in the opposite direction and 
with the same lorce, so that the tube comes to rest in a 
position slightly removed from the original. Let the two 
bodies A and B now change places; if they both have tlic 
same ordinary mass, and if this alone be mechanically 
influential, then in the exchange of A and B their centre of 
gravity will remain at rest, and thciefore there will be no 
change in the position of the tube as a whole. The system 
is now in its initial condition, except that where A was 
foimci'ly, B now is, with the same excess of energy, while A 
itself is in the original state and position of B. Therefore 
the process can be repeated and the energy radiated from 
B to A ; the tube thereby undergoing a displacement of 
the same magnitude as before. By sufficient repetition of 
this process, the body, without the intcivention of any 
exterior force, can be set in motion from rest and transported 
any given distarree. Now this contradicts the fundiunenlal 
laws of mechanics, and to obviate this anomaly one must 
assume that, in the exchange of the two bodies A and B, 
whichever has the excess of energy also has the greater mass, 
the latter being so balanced that the displacement due to 
the light-pressure is just ncuti'alised by the subsequent 
interchange of the bodies. 

This incri'ase of mass obviously depends on the excess 
of energy. It can be shown in other ways that the mass of 
a body increases with its energy-content, from which it can 
be seen that the total mass of a body depends on its energy. 
The exact mathematical analysi.5 on the basis of the prin- 
ciple of relativity yields the law tlial the mass of a body rs 
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, equal lo its onergy-ooiUcnt divided by tlTS squ 
velocity of light:" \ / ^ 

E 


m 


'''^s5£4lyGALp§:>=^ 


If now the electron is no more tluin on abstract electrical 
charge, then its energy is proportional to and, choosing the 

proper units, can be equated lo where r is the radius of 

the electron, and the mass, therefore, is 


whence 


m = 




e I 

r = - X ^ X 
m 


With the given values of ejm, e and c — 3 x 10^^ cms./soc 


y ^ 5\S X 10^^ X 4-8 X 10“^*^ 
9 X lo^® 


cms. 


Reliable estimates of the ladii of tlic atoms arc of the 
magnitude of 10 ^ cms., therefore the electron is oxccf'dinglv 
small compared wiili the atom. If one is to imagine tlio 
nucleus of the atom as purely electrical, one must think of it 
as l:)cing almost 2000 times heavier than the electron. As our 
foimiila shows, mass and radius are inversely piopoi tional, 
so that the radi\is of the nucleus is about 2000 Hnu'S smaller 
than that of the olociron. Tliis rt'inarkahle lesult, Llint tli(‘ 
positively-duuged mass is concentrated in an oxci'edinglv 
minute spaet\ is, as wc sh<ill set* diivrlly, well supi>oil('d l)y 
exp(a imen(. 


7 . Thomson’s Modkl or- Ajom 

The nuclei, and tlie construction of atuins from nuclei and 
electrons, must now be considered. In order to explain the 
sliarp linos in the spectium, it had to be assunu'd tliat the 
electrons m the atom could oscillate aboul a centre ol 
equilibrium with sharply defined vibiation periods. Hut 
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electrical charges that do not interpenetrate do not form 
stable configurations. Therefore Lord Kelvin put forward 
an atomic model, which later was considerably improved by 
J , J, Thomson, " Positive electricity was regaixled as a sphere 
of radius of the order of lo~* cms., in which the negative 
electrons swim. According to the laws of electrostatics, 
these will arrange themselves into symmetrical structures, 
the properties of which have some resemblance to those of 
the atoms. But in many respects this model fails, more 
especially in explaining the great number of spectrum lines 
and the laws which link theim together. The Kelvin sphere 
is also doubtful, owing to its size, which precludes an elec- 
trical interpretation of its mass. 

8, Rutherford’s Nucleus Theory 

That that portion of the atom in which its mass is con- 
centrated is small compared with the electron, was first 
proved by Rutherford and his co-workers,^® by a study of 
the dispersion of the a-rays. Figs. 4 and 5, which were 
obtained by Wilson’s method,^*- show the paths of a-particles. 
These in their passage ionise the air, and when the latter is 
supersaturated with water vapour, the moistuie condenses 
in minute drops on each ion and renders visible tlic track of 
the a-ray. The limited range of tiic rays can bo clearly 
seen, and it will be observed (Fig. 6) that some of lliem, 
towards the end of their patlis, suffer sudden sharp devia- 
tions. By a careful study of these ranges and dispersions, 
especially in metal foils, Ruthciford ascertained that that 
portion of matter with whicli the heavy mass is associated 
must be exceedingly small to allow the a-rays to penetrate 
as far as they do, and also to suffer such sudden dcvialions. 
From his measurements he also deduced the value of the 
nuclear charge, and found that, measured in units e, it was 
equal to half the atomic weight, i.e. : 
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According to this helium would have « = 4/2 = 2, and 
carbon z — 12/2 = 6, as shown in Fig. r. This result was 



Fifis ^ and 5. — Paths of a ray<i. 

further supported bj^ investigations on the dispersion of 
X-rays. One can calculate the amount of energy absorbed 
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by an L'lectron from an electrical wave which, meeting the 
electron, causes it to vibrato and radiate this energy as 
dispersed raj^s into space. Now it may be assumed that 
each electron of tlio atom disperses this amount indc- 


1 



Fig. f). — Path of an a-ray hhowjng sudden dcnccUon, 

pendenily, so lliut by measuiement of the dispeist'd energy 
one can obUin a value for z. Again, it is found thal 

2 


9. TriE Inteuffrenck of X-ravs 

That the number z represents ilic actual number of 
elcctJ*ons was first proved l)y the examination of X-ray 
spectra, which was made possible by Lane's discovery. 

This was based on the assumption that ciystals are atom- 
iatticcs, having such small lattice-constants tliat tlicy can 
be utilised as diffraction-gratings for the short wave-length 



7, — Lattice oi rock*balt (NaCl) and of fluorspar (Cal‘'y)* 


pliotograiDhs of X-iuys. A ray, proceeding from the X-ray 
tube, meets a crystal K, behind whicli is placed a photo- 
graphic plate, P. On this, apart from the image of the 
direct ray, appear numerous additional spots forming a 



1m(i. H, — A]ipardius foj piodiicin*4 iiitcilciuKt. pliolo^Liplis o1 

(l»uu*). 

distiart pailt'ni, the symnu’iij’ ol whicli is diieclly lekited 
to that of tlic ciystal (Mgs. 9 and to) j3y measiueinent and 
calculation from llic Lane photogiaplis, one can infer eithei 
the structuie of the crystal-lattice or tlu' composition (the 
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"colours") of the X-rays. Fig. ii shows, logcllipr with 
the photographs, a theoretical figure in whicli, by means 




Fios. 9 ami lo.— Interfercncq ol X-rayi, ([.am:). 

rjf drawn-in lines, the formation and significance of tlic 
inteifercnce spots is made clear. Sir W. H. Hragg and 
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• ft 

O 

Fig, ir, — Laue interferences and their theoretical explanation. 


W. L. Bragg were the first to conduct experiments in 
X-ray spectroscopy.^® Using the fact that X-rays are not 
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reflected at all angles of incidence from a natural crystal, 
but only at definite angles depending on the wavo-lcngtJ], 

they rotated the crystal (Fig. 12) 
in order to obtain successively 
all possible angles of incidence, 
and thus produce on the jdioto- 
graphic plate “ ghosts ” of the: 
X-rays. They were the lii.st 
quantitatively to determine the 
spacc-fonnul® of simple crystals, 
and also to measure accurately 
the wave-lengths of X-rays. 'I'lic 
young pliysicist Moseley, who ' 
unfortunately was killed in tlu* 
war, systematically investigated 
the X-ray spectra of numerous 
elements by the l^i agg’s method , ' '' 
Debye has introduced a modi- 
fication of their procedure,.*’ In- 
stead of rotating a huge crystal, he uses a powder of the 
finest crystals, which set themselves in all jiossible posi- 



Fig 12, — X-ray s|>ectrograpli 
(Bra^rg). X-ray tube; 
diaphragm; C, crystal table; 
AU crystal carrier; 
photographic plates; 
screen; dt incident ray; r, 
reflected ray. 



Fio, 1 3. ^X- ray spectrum (Dtbyti). 

tions. Ing. 13 is from tliu original of a pliolograpli of l|u; 
X-ray spectrum of a motal by this melliod. 
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The best exponent of modern X-ray spectroscopy is 
probably Siegbahn.^® Fig. 14 is a spectrum photograph 
taken by Ixim, and shows what a high standard has been 
attained The lines in the picture are as clear as those of 
any optical spectrum. 

10. The X-ray Spectra 


The main result of these investigations originates, for the 
most part, from Moseley’s work (Figs. 15 and 16). 



Mo Ku fV a Sn Te Xt Ba Ce Md So ^ Cr AiM W (h Pt Hj Pb Po Ra Th U 
m - fOtAgb Sh ICi LaPr - £o JiHoTulCpTa - Ir Au V Bt - - Akt ' 

Fki. 18. — ^The L- senes. 

All elements liave, on the whole, the same X-ray 
spectrum, but all lines shift with increasing atomic number z 
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towards increasing vibration frequencies v, or dccrca 

wave-lengths in such a manner that s/ v, or ^ plo 

as a function of z is practically a straight line.!" Figs 
and i8 show the K- and i-series. Each of these series ' 
sists of a numher of hues, which, plotted from clcmcn 
element, give an almost straight line. That we really 1 
to deal with Ihe atomic number z, and not with the al( 
weight A, is shown in Fig. 19, where >/ v gives, as a func 
of z, a smootli curve, but, as a function of A, an irreg 
wavy line. 



Atomu wcifr/U 


ig.— Tlie hCjuare root of tlic vibration frcmiencies in the Ad-wrioH 
as a function of tlic atomic number and of the atomic weight, 

This proves the fundamental character of Hit’ til 
number z. We now know that argon really comes hi 
potassium and cobalt before nickel ; .nlso, that only 
elements are missing from tlie pei iodic system, for evfi 
raic earths follow the ijv law. In this way the disco 
of the missing elements is facilitated. 

II. Atomic Structukis 

What conclusions concerning the structure of the : 
can be diawn from llicsc facts ? It is clear tliat 
X-rays originate in the inner part of llic atom, where! 
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chemical, optical, and magnetic propertie.s are controlled 
by the outer structure. Hence the similarity of X-ray 
spectra proves that : 

All atoms have the same internal slntclure. 

This liypothesis, together with the facts that definite 
X-ray lines first appear at certain elements, and that 
chemical and physical behaviour is periodic, leads to the 
idea of a shell-like arrangement of electrons around the 
nucleus. 

The H atom has one electron, the He atom two electrons ; 
these form the first shell, or the first ring. Willi the alkali 
metal Li the second shell begins. Consisting at first of one 
electron, this increases to eight electrons with Ne. Then the 
third shell commences at Na with one eleclron, increasing 
to A, with eight electrons. In the long periods the shell- 
structure is more complex; this can be seen from the 
occurrence of families of very similar elements (for instance 
the iron group Fc, Co, Ni, and the group containing the 
rare earths). Williout going into details two conclusions 
can be deduced fiom the above law: 

1. The inmost shells of all atoms are, for a ccitain 
distance, qualitatively identical, and will therefore jiroduce 
qualitatively the same X-rays. Quantitatively, however, 
it is rccogtiised that with increasing nucleai-chaige numlier,i 
the electrons liecomc more closely bound to the nucleus, 
so that the frequoncy of tlie X-rays coutimiouslv increases. 
The quantum theory of emission, (o which we wiU refei 
later, leads to the law that aJu is almost piopoitioiial to 

2. The outermost sliell has the peiiod 8. and, coriespond- 
ing with the chemical and optical beliavioiit, is identical foi 
elements in the same vertical column. Kossel has cvtench'il 
these conceptions qualitatively, and has brought them into 
agreement with the behaviour of the clcctro-chemiral valen- 
cies. He assume.s that the configuration of eight electrons. 
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i as shown in the outer shell of the rare gases, is very stable. 
A shell of one electron is not very stable, the electron is 
easily detaclied ; two electrons are lather more stable, and I 
so on. A shell of seven electrons seeks to atlach another 1 
to itself in order to complete a stable configuration of eight ; 



Fki, :ao. — Flcctro- valencies (Kosscl). 


a shell of six electrons attracts two, but not so strongly, etc. 
In this wav the polar-valency behaviour becomes cleat . 
1 Fig. 20 indicates the maximum number of positive and 

[ negative electrons that an atom can take uij. For cxtunple, 

; the number of electrons in a neutral Na atom is eleven 
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(hollow circle on the diagonal of the illustration) ; it can lose 
one electron and then move to the horizontal line passing 
through the rare gas Ne, with ten electrons (black ciicle). 

According to the latest investigations of Bohr,®i the 
" shells ” should not he regarded as spatially-scparate struc- 
tures enclosing one another ; rather is a “ shell " a closely 
bound group of electrons, the centre of which is a definite 
distance from the nucleus, while each individual electron can 
at times approach the latter, or recede to a distance from it. 
I'o the further development of this idea reference will bo 
made later. 


13 . Chemical Inferences 

In this manner Kossel has explained many chemical 
facts, especially those relating to complex compounds. 
What attracts the physicist is that he does this employing 
only ordinary electrostatic forces, and without postulating 
particular valencies linking atom to atom like cords or 
chains. As an example of this method we will consider the 
formation of the compound NaCl. First, the loose outer 
electron of the Na atom is detached, and is taken up by the 
outer sevcn-memljcrcd shell of the Cl atom to form one 
Na'" ion and one Cl ' ion, each with a stable outer shell of eight 
electrons. In consequence of their charges, these two ions 
atlracl one another and come together as an NaCl molecule. 

I.anclc and Born luivc developed this idea by taking 
into consideration the lattice-structure of the NaCl cryst.il 
Tliey succeeded in calciilaling, from purely physical measure- 
ments sucii as density and compressibility, tlie heal of 
formation of one gram-molecule of NaCl from its ions, and 
from this drew numerous conclusions, many of which arc 
well supported by experiment.* 


* The othci essays contain more concerning llicse invcstigalionh, 
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13, The Visible Spectra 

< Kossel's work has other important applications, partlcu- 
' larly in optics. It must be assumed that the visible spectra 
originate mainly in the outermost electron shells. This 
granted, it follows that the spectrum of the monovalent ion 
of an alkali earth, for example (third vertical column in the 
periodic table), must qualitatively bo the same as that of 
the corresponding neutral alkali atom ; ““ since both have 
the same inner shell and an outer electron ; they differ only 
by a unit of the nuclear charge. This hypotliesis seems to 
be entirely satisfactory ; thus the spcctrnm of the He*' ion 
must be qualitatively identical with that of the H atom 

'I 14. Tins Quantum Theory or Atoms 

But how arc we to imagine spectra to be i)roducod ? 
In the earlier atom-models, such as Thomson's, tiu! (>leclrons 
had centres of equilibrium, in relation to which they could 
oscillate; these oscillations were (hought to give Hit! fre- 
quencies of the spectrum. But Rutherford's atom-model 
renders such ideas impossible. Above all the stability of 
svtch structures is incxpUcablt!, since, according (o thehiws 
of the classical theory the electrons enc.indhig I Ik; michnis 
radiate electromagnetic energy and should llu'n'fore always 
be approaching the nucleus. Thus in no way can the 
optical spectra be explained by such "self-oscillations” of 
the Rutherford atoms. Classical mechanics and elect 10- 
dynamics fail entirely hero and must he replated by some- 
thing fundamentally new. The conect .solution w.is found 
by Bohi-ai who ingeniously combined Planck's (]uantum 
theory with Rutherford's atom-model. 

This is not the place to discuss the development of the 
quantum theory which likewise tn-iginali'tl fiom tin' failuie 
of the classical theory to explain ct>rtain radiation iihenomen.i, 
particularly the heat-radiation of glowing hodii's. SuJIico it 
to say that Planck was forced to the conclusion that in the 
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clemcntaiy processes of heat-radiation energy is not emitted 
or absorbed haphazardly, but only in multiples of a quantum 
hv ; where v is the frequency of the radiation and h a con- 
stant of the value 

h — 6'54 X 10 “ erg/scc. 

This striking hypothesis, which was shown to hold also for 
processes such as the removal of electrons from metals by 
the action of light in photochemical processes, was applied 
without modification by Bohr to the Rutherford atom. 

He assumed that there were certain "stationary paths " 



ill wliicli llu; electrons could travel round the nucleus wUlioul 
losing c'lieigy. Tiansitions between sncli stationaiy patlis 
are intermittent, they produce, us will be sliown in detail, 
tile, spectrum of llic element. 

Tlie calculation of these stationary conditions \’ields 
exceptional mathematical difficulties, siniilai to tliose .nising 
in tlieorctical astronomy in calculating the patlis ol the 
lieavenly bodies. An atom lesemliles a minute soKii system 
in whicli tlic sun is replaced by the nucleus and tiie 
planets by electrons. Here, howcvei, tlic sun is not large 
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compared with the planets ; on the contrary, it is exceed- 
ingly small, but in hotli the mass of the system is con- 
centrated in the central body. The atomic attraction is not 
gravitational but electrical, yet the laws of motion are 
similar, since Newton’s law of gravity is the same as 
Coulomb’s law of electrical forces. From amongst the 
enormous number of mechanically possible paths the 
"stationary” ones are defined by certain "quantum rules.” 
For the simplest examples, the H atom and the above-men- 
tioned similarly constructed He l" ion, Bohr Has deduced 
tlicse rules ; for the general case they have been formulated 
by Schwarzschild,^® Epstein and others. But the difficulties 
of calculation have only been completely overcome in the 
" two body problem” of tire H atom and the He’l" ion where 
Kepler’s three simple laws hold. These arc : 

I The electron describes an ellipse, the nucleus being at a 
focus. 

2. The square of the period is proportional to the cube of 

the major axis. 

3. The surface swept out by the radius vector is proportional 

to the time. 

To these we must add tlie quantum laws : 

4. The length of the major semi -ax is equals -- iclierc 

* ■' 47r®w/e®’ 

III is the mass {known) of an electron, c its charge, h 
Planck's constant, and n an arbitrary whole niiiitbcr 
(t,2, J . . .). 

5. The ratio behvecn the area sxtjcpi out in one reviduhon hi 

the period equals wheye m and h have (heir 

previous values, lohilst n^ is a whole nuniher usually 
not equal to n. 

For mathematical reasons Uie numbei caunol be 
greater than n. n is called the chief quantum number and 
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the azimuthal quantum lulmbcr. For n ~ a circular 
path is the result; the radius a, the revolulion frequency 
w and the energy content W of the innermost orbit 
(n — = i) can be read from, the diagram (Fig, 21). With 

increasing n there are also elliptical paths which become 
narrower as decreases. When an electron jumps from 
one orbit to another, energy in the form of liglit is either 
absorbed or emitted. Concerning the law of this absorption 
and emission, Bohr has pul foi’ward the following hypo- 
thesis, which is related to the quantum theory of radiation. 
At every jump from an orbit of greater energy to one of less, 
a raonocliromatic ray is assumed to be emitted, the vibration 
number of which multiplied by h is equal to the enei'gy W 
emitted, i.e, : 

hv = W. 

In this way the emission law of the H atom is quantitatively 
obtained ; Fig. 22 shows this well-known series in two 
star spectra.®’ The lines of this series are seen between two 
control spectra ; one easily recognises the regular sequence 
of the lines and their crowding in the ultra-violet, the 
boundary of the scries. The following table shows the 
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precision with which the wave-lengths of this series arc repre- 
sented by tlie formula first found empirically by Balinorj 
and now theoretically established by Bohr. Innumerable 
intricacies of tlie H spectrum, for example, the delicate 
subserics of the principal lines,®® dispersion in electrical 
fields,®® etc., are explained quantitatively by the develop- 
ment of Bohr's theory by Schwarzschild,®® Epstein,®® 
Sonunerfeld®! and others. 

Similarly with the He'*' spectrum; its principal scries 
used to be regarded as a subseries of hydrogen, owing to its 
analogous structure. 

Definite ideas have been evolved concerning the neutral 
He atom. The spectrum of helium falls into two groiqis of 


t Cl' r'lj''; 

"lilt, HI. 1 .a 111 i 

^ I "11111 Jiri t niiiiHinjl 

tv' ' 




Fig, 22-— Hydrogen star spectra (Balmcr series). 


lines which are so different that formerly they were ascribed 
to different elements, namely “ orthohehu in ” and "pat- 
helium." It must be a question of two dilforent types of 
motion of the two electrons around tlio doubly-charged 
nucleus, Landc and Bohr have assumed that in llie 
"orthohelium’’ plane paths and in " parlieliiim ’’ spatial 
paths occur.®® Precise calculation liere meets the well-known 
diiliculties of the aslionomicid proldcm of (he three bodies. 
It has not yet been possible to deduce a model, the stationary 
paths of which correctly c.xplain the .spectrum of He; even 
the notnial condition, the stationary path of I In; siuallesl 
quantum numbers, of the He atom is not known with any 
certainty; hence it has not yet been pos.sible In calnilate 
the ionisation-energy of He to agree with the observed value. 
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This is the work necessary to remove completely an electron 
fiom the atom, and is therefore a quantity fundamental to 
the Kossel conception of chemical combination. It is almost 
the difference in energy between the extreme quantum orbits, 
and is, therefore, related to the ultra-violet boundary of the 
spectrum liy the quantum law, 

J = hv 

where v is the boundary frequency. Franck and Hertz 
have shown how to measure directly this separation energy, 
by bombarding the atoms with electrons and observing 
the speed with which the electrons shatter the atom and 
thereby lose their energy 

The value for the energy-content, J, thus obtained is then 



compared with the limit-frequency v of (he scries and the 
relation thus established between optical and electrical 
measurements and defined by the law J — hv is generally 
satisfactory. Fig. 23 shows the spectrum of the alkali metal 
Na, in which one can recognise the boundary of the series, 
lire V of which enters into this law. The exact calculation 
of the senes limit, 01 ionisation-energy J, fiom an atom 
model has, howcvei.becn acliioved only for the H atom. 
For the present one has to be content with qualitative ob- 
servations and rough aiipioximations for atoms of position 
number 2 and upwards. In this res])ecl Bohr has acliieved 
signal success.** In examining qualitatively in the light ol 
partly theoretical and partly empirical considerations, how 
one electron after the other is taken up 111 the mogress from 
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30 


THE CONSTITUTION OF MATTEH 


element to elomenl, he succeeded in outlining the pliysical 
and chemical properties of all the elements in the periodic 
system. All electrons describe elliptical paths that influence 
one another ; this causes the paths to remain not fixed, but 
slowly to revolve. The major semi-axis of the path and the 
revolution frequency of the spectrum arc determined by the 
chief quantum number n, which also determines most 
of the energy. The eccentricity of the ellipses increases 
witli decreasing azimuthal quanlum number which 
at the same time determines the revolution or picccssion 
of the path. In the centre of each atom from Ho upwards 
there is a configuration of two electrons on the ij, paths (i.c. 
those for which « = i and n>- = i) similar to that of the 
He atom. The higher the position in the periodic system 
tlie smaller is this inner structure; for with increasing 
position-number the attraction of the nucleus grows. In 
Li, the element following He, an electron on a Zj path is 
added (i.e. a more eccentric ellipse with » = 2, = i) ; in 

each following element a further electron attaches itself, in 
a path of the same or another type, according to whether 
the resulting structure is more stable in the one or the otlicr 
form. What actually occurs can be read from ihcspcclia 
almost witliout ambiguity. In carbon C {ir — 6) there aic 
four electrons travelling on congruent 2 paths, the planes of 
these paths are related to one another symmetrically like 
the .surfaces on a regular tetraliedion. 

The new electrons then attach themselves in almost 
circular 2a paths, until in neon there are four such paths. 
Thus the first shell of eight is completed. The ne.xt element 
Na contains a loosely bound electron on a long clliplical 
path, In tins way Bohr has deduced highly probable 
quantum numbers for the electrons present in every element 
up to the heaviest ; even the elements in the iron group 
with their magnetic proi^crlies, and the anomalous lare 
earths have been explained. 
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Attempts to construct models of molecules on those lines 
have not yet yielded any very satisfactory result. Here the 
mathematical problem consists of the calculation of the 
electron paths around two or more nuclei, and is consider- 
ably more difficult than the corresponding problem with the 
atom. It has been solved, so far, only for the motion of 
one electron around two nuclei ; this occurs in the H2+ ion, 
which is present in canal rays. The calculation was made 
by Pauli by disregarding the nuclear motion ; however, 
here experimental results ai'e still too uncertain to be em- 
ployed to test the theory. 

If, instead of a quantitative, only a qualitative pre- 
diction of the molecular properties is required,, it also can 
be obtained without much mathematical assistance, The 
spectra of molecules are of a type quite different from those 
of atoms ; they consist, not of single, isolated lines, but of 
narrow groups of lines, which are called bands. The laws 
of these band spectra, have, like those of the line spectra, 
been explained by the quantum theory; from them the 
most important properties of the molecules can be deduced, 
such as the moment of inertia and the frequency of the 
oscillations of the nuclei in the molecule with respect to 
one another. 

X-ray spectra, from wJiich the first definite knowledge 
of the regular structure of matter was derived, originate 
not from molecules but from atoms. The theory ot X-ray 
spcctia, which has been developed particularly by Sommei- 
fcld,*® from measurements by Siegbahn is likewise founded 
on the quantum theoiy. Each line of an X-iay spccliuin is 
produced by the transition of the atom from one state to 
another, in which the energy W thus released is emitted 
as an X-ray of frequency v, according to the quantum 
law, W ~ hv. The energy associated with each individual 
quantum state of the atom can in this way be determined 
from empirical data. As yet, however, no success has been 
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achieved in calculating accurately this energy from an atom- 
model, 


15, The Structure of the Nuclei 

In conclusion, we will once more touch on the problem 
of tlie structure of the nuclei from smaller units. As early 
, as 1815 an English doctor. Front, formulated the hypothesis 
I that the H atom was the primordial matter from which they 
. are all formed. Later, this hypotliesis was allowed to lapse, 
because the atomic weights were not whole multiples of the 
atomic weight of hydrogen. However, two reasons are now 
known for this, one being the existence of isotopes, the 
other the deduction from the theory of relativity that energy 
produces mass. Isotopes of the radioactive elements are 
known ; they are elements of exactly equal nuclear charge- 
numbers, but slightly different atomic weights. Their 
chemical behaviour is exactly the same and they form 
mixtures which appear to be homogeneous elements. Such 
a mixture, the atomic weights of the constituents of which 
are whole numbers, would show an atomic weight that was 
not quite a whole number, but an average value for the con- 
stituents. Again, when several nuclei (say He nuclei) come 
together to foun a larger nucleus, energy and therefore mass 
is displaced. Hence, the total mass of the nucleus is not the 
exact sum of tlic parts, l)ut greater or smaller, and conse- 
quently not a whole number. Tliis new knowledge now 
makes it possible to revive Front’s hypothesis, with the 
modification that tlie atom-nuclei arc assumed to be built 
up from hydrogen nuclei, Aston has proved experiment- 
ally that numerous elements (such as chlorine, neon, mercury, 
etc.), the atomic weights of which deviate considerably from 
wliolc numbers, are indeed mixtures of isotopes, and that 
the pure isolopes have whole-numbered atomic weights. 
He achieved this by applying Thomson’s canal ray method 
(incnlioned in section 4), which he greatly improved. For 
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Fig. 34. — Mass spectrograms of neon, chlorine, argon, krypton, xenon. They 
indicate values of wf/^, based on oxygen (w =* 16}, 

every atom of definite charge and mass he obtains a pai- 
ticular canal lay. which registers it- 
self on a photographic plate as a 
narrow band. Fig. 24 shows one ot 
Aston’s ” mass-spectrograms,” which 
strikingly demonstrate tlie correctness 
of the modified Front hypothesis. 

Recently Rutliciford has succeeded in 
splitting oft H atoms from the N 
atom.*’® When a gas is bombarded 
with «-rays, it sometimes happens 
that an atom is hit centrally, so that 
it itself attains a high velocity. Par- 
ticularly is this so when dealing with Fi«. 25.— Paiiis of hy<l 
hydrogen ; the H atoms, being font 
times smaller in mass, travel with 
greater velocity and farther than do the bombaidmg «-rays 
3 



gen atoms produced hy 
a-rays. 
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(He nuclei), and there is, therefore, a greater rang( 
which they can be recognised (Fig. 25 ), When R 
ford bombarded nitrogen gas in this manner, he fount 
secondary rays of great range, which could be nothin 
H atoms. The a-particle must therefore have shatter( 
N atom and split off an H atom. 

This fundamental discovery gives promise that on 
it will become clear that all matter is constructed o 
polar components. Then all physics and all chemistr 
1)6 a branch of the theory of numbers— the theory c 
atomic number 
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FROM MECHANICAL ETHER TO ELECTRICAL 
MATTER 


INTRODUCTION 

I T is not long since the literature of physics consistcch 
for the most pari, of papeis discussing the mechanical 
properties of the ether, and the remains of such ideas 
are with us lo this day. On the wliolc, though, physics has 
adopted now ideas, which may be summed up in the phrase 
” matter is electrical/' 

This involves a fundamental change of thought. What 
used to be the basic primary (i.c. mechanics), to-day has 
iDccome the deduced secondary, and, converse^, the ether, 
which used to seem necessary only for the mechanical 
explanation of electromagnetic phenomena, has become tlie 
sole basis of Ihe science. It is woiTh while to study this 
inversion of ideas and determine whether it means an 
advance in knowledge. 

1 Tmi: ItLASTic Theory of Lkhit 

'fhe “Physics of the Etlier " comnu'iiced eaily in the 
nineteenth century with the study of “ Optics “ At that 
lime mcclianicb had leaclicd that stale of ])(‘ifecUon which 
made it tlie premier science. Apait from the mechanics of 
tlie cenlie of gravity, which readied its zenith in astronomy, 
tlie mechanics of the conliniiously propagated media— -the 
elasticity theory of gases, liciuids, and solids — had been 
evolved. So, not unnaturally, mechanical laws weie applied 
to optical processes. The light waves were compared with 
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the elastic waves in material bodies ; thus arose I he first 
ideas on the elasticity of the ether. ’ 

In elastic bodies, liowcvcr, there arc two kinds of waves ; 
those in which the particles oscillate in the direction of the 
wave-motion (longitudinal waves), and those in which the 
particles oscillate across the direction of the wave-motion 
(transverse waves). It can be proved that light waves 
are transvei-se ; up to the. present, no indication has been 
obtained of optical longitudinal waves. Since longitudinal 
oscillations arc obviously connected with alterations in den- 
sity, it follows, from the lack of longitudinal light waves, 
that the other cannot, like a gas, be compressed ; on tlu' 
other hand, it must bo exceptionally clastic, as it propagates 
transverse waves as readily as a solid body. 

It was therefore concluded that “ the ether is an incom- 
pressible, perfectly clastic, solid body.” Yet, in spite of 
this, the heavenly bodies move through it at an enormous 
speed, wholly without friction and disliiriiance. 

Apart from this anomaly, other (lil'IicuUios ai'ose in the 
application of the clastic light theory so that it was readily 
superseded by the cloctromagnolie llioory pul forward l)v 
Maxwell. 

2. The ELHCTltOMACNKTir Tiikoky (>!• I.K.III' 

In this tlu'oiy the cl her is no longer n'giiKh'tl iis an 
clastic body, but it is still assuuu'd to l)(> a coiilinnouslv 
proiiagalcd niedinm with definite properties, wliicli a)>j)eai 
in phenomena as elecliomagnelic lields. Itapid oscillations 
of tlie fields aie light waves ; tlieii spce<l ran l)i‘ ascei tallied 
liy purely clcclroniagmUic mciisureineiUs. 

'Jliis theory necessitates consideralile nieiital aljsliaelion. 
What 1 catty is lliis ethi'i' vv])ie.h, altlioiigli a coulinuous 
medium, is different from all known bodies, gaseous, liqui<|, 

01 solid ? Application of a theory necessitates i magi li- 
able representation; Maxwell met lliis (lilticiilty liy using 
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mechanical models to explain certain properties of the ether. 
Later, the problem of reducing Maxwell's ether to a mechani- , 
cal basis became a science of Its own. Bjerknes was especi- ' 
ally successful ; he regarded the ether as a fluid containing 
electrical charges as pulsating spheres, a view that was 
extended by Korn and still exists. 

But no fresh discoveries were made in this direction ; 
however, interest might yet have been maintained had not 
the theory of relativity made the idea of a material ether 
absolutely impossible. This theory neces.sitates a still 
deeper abstraction, a greater departure from the usual con- 
ccivability, and therefore many a physicist looks back with 
regret to the halcyon days of the solid ether. 

3. The Theory op Atoms 

Knowledge can advance through abstractions, but in the 
main it does so by actual perception, and if this theory had 
done nothing more than prove the impracticability of 
mechanically representing the ether and its properties, it 
would not have done much. But a survey of physics during 
the past few years shows plainly that the art of experimenting 
has achieved its greatest successes when in closest touch 
with this thcoiy, so it must stimulate the imagination more 
than did the old mechanical rcpi'csentation of the ether. 
The “ electromagnetic universe ” of present-day physics may 
be called abstinct in its foundations ; in its superstnictuic 
it is rich in conciclc forms, due to the union of Maxwell's 
abstract representation of the ether and of the theory of 
relativity with the theoiy of atoms. 

To-day not only is matter regarded atomically, but even 
electricity itself has been icsolvcd into atoius, called electrons. 
Now, the idea of atoms and electrons is easy to grasp ; even 
those who distrust the mass of formuL'e involved in Maxwell’s 
theory of electricity can operate successfully with the move- 
ments and interactions of elections and atoms. The most 
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recent development of these ideas is the attempt to construct 
the atoms themselves from electrons ; in this Planck’s 
quantum theory plays an important part.* We will go no 
fvlrther into these investigations, but we will mention 
some advances which throw light on the transition from the 
mechanical to the electrical conception of physics. 

4. The Lattice-theory of Cry!3TAls 

These advances deal with the constitution of solid bodies 
and the nature of the forces holding tliem together. Solid 
bodies are either amorphous (vitreous) or crystalline. How- 
ever, wc now regard only crystals, or conglomerations of 
crystals, such as most of the metals, as solids in the real 
sense of the word ; amorphous sulrstances have come to be 
looked on, in many respects, as particularly viscous liquids, 

1 The criterion of a crystal lies in its regular structuic 
I from atoms and molecules. This structure can, as Lane 
discovered,! be rendered visible on a photographic plate 
by means of X-rays. Fig. i shows such a photograph of 
a rock-salt crystal (NaCl). Wc now know the ultimate 
structure, or lattice, of a large number of crystals; rock- 
salt, for example, is built iq), as sliowri in Fig. 2, from sodium 
and chloiine atoms, like a chess-boaixl in three dimensions. 
Crystals, therefore, arc not continuous media. It is a jnob- 
lem the solution of which has not been easy to obtain, tlial 
such space-lattices behave incclianically like llie continuous 
solids of the old elasticity theory The foundation of the 

* A dclnilcd account of the quantum thcoi}' and Us applicalioii 
to the bliuctmc of atoms can be found m " Naluiw 0, pail 17 
(1918) Sec also the previous essay. 

t Itcfcienccs to tins discovery and Us dcvcloinnent have ajipcaicd 
in "Dio Naturwissenschaflcii *' — H. Ldwy, i.slyeai, p. 105 (ror^) 
A. Soinmerfcld, ,|th year, pp. r, 13 (loiO). F. Finnc, 5th yeai, 
p. 48 (1917). M. Siegbalm, 51)1 year, pp, 516, 328 (19T7), and also 
numerous other papers. 
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mechanical other theories has tlius been destroyed, for 
those latter originated using continuous solid bodies as an 



Fio. i.—Laue photograph of rock-salt (NaCI). 

cxpn’imonlal basis so that all ether phenomena could be 
referred to the properties of suclt media. But the continuous 
elastic substances are simply de** 
hihions produced by the crudeness 
of our senses ; they arc, in reality, 
discrete lattices, with spaces be- 
Ivvceu tlinir atoms. If tliese spaces 
arc imagined to bo filled with ether, 
lliero is no sense in ascribing to 
the latter propeitics corresponding 
to those of the lattices themselves 
n'gardcd as continuous substances, 
for tliis is only arguing in a circle. 

'J'hcreforc, presenbday physics 
which not onl}'' is more consistent, hut also has led to tangihJt' 
results. The electromagnetic field in the ctliei is taken 



Fill, j, — L alike of rock sail 

takes a different view. 
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empirically, and the solid body the crystal, regarded as a 
regular arrangement of electrical charges which react on one 
another according to the field-laws. From this originate 
those crude properties which the crystal-lattice has in 
common with the continuous clastic substances of the old 
mechanics. 

* 

5. The Electrical Nature of Molecular Forces 

This leads to' the conclusion ; " The mechanical, ela&tic 
forces of solid bodies are actually electrical” If we know the 
charges of, and' the intervals between, the atoms in the 
crystal-lattices, all the electrical interactions ai'e funda- 
mentally determined ; it must, therefore, be possible quanti- 
tatively to predict the clastic properties. 

Here wc pas,s from theoretical considerations to prob- 
lems, the solutions of which, although not readily obtained, 
have proved the superiority in many respects of the 
new standpoint.* The connections between all manner of 
mechanical, thermal, electrical, and optical properties of the 
crystals had to bo explained on the basis of the lattice theory, 
find mathematically reduced to the forces between the 
individual constituents of the cryslal-lattice.’^ The most 
important results of tliese investigations will be descrilied 
for the above-mentioned rock-salt crystal. 

6. Atom Lattices 

As we liave already seen, the lattice of this crystal is not 
composed of NaCl molecules, but of individual Na and 

* Simil.uly in the kmctic lUooiy of gases lliete was the conti.isl 
lietwcen the thooncs of continumis substances and of atoms ; bolli 
woo equally useful so long as the latter could icpreseiit only the 
foimal connections. The atomic conception prevailed when it suc- 
ceeded in determining numerically the coelTicionts of formul.p such as 
the ratio of sjKicific heals, the relation of the coelficients of thermal- 
conductivity and internal friction, etc 



MECI-IANICAL ETHER TO ELECTRICAL MATTER 43 

Cl atoms (Fig. 2). Tliis is proved, not only by Lane’s 
X-i'ay photogiaphs, luit also by the thermal behaviour 
ol the crystal. The energy ot a body consists in the motions 
of its smallest constituents; in crystals, these vibrate about 
their centres of gravity. According to a fundamental law 
pf statics, the energy of these vibrations is divided amongst 
the individual constituents so that in time each and every 
constituent possesses the same amount of energy which can 
be determined from the kinetic tlieory of gases. From 
thermal measurements one can deduce the number of 
particles, each containing this amount of energy, whicli 
must be present in unit mass, so that this may contain 
the observed heat-content. In this way it was proved 
that the constituents cannot be NaCl molecules, for the 
unit mass would then contain only half as many particles, 
and consequently only half tlie observed heat-content, as 
it would if they were atoms. 

7, Elfctrolytic Ions 

If rock-salt is dissolved in water the solution becomes a 
conductor of electricity — an electrolyte. Such a conductor 
differs from a metallic one in that the psissage of a ouirent 
is connected with the transport of the dissolved substance. 
Tliis is shown by the fact that .sodium is liberated at one 
electrode and chlorine at the other. Faiaday discovered 
the law governing this process ; he found that tlie iiassagc 
of a dclinite amount ot electricity was always accompanied 
by the appeaianco of the same amount of the two subslaiKcs 
in c[uautities chemically equivalent and necessaiy foi the 
combination, NaCl. This process is regarded as being 
atomic, it being assumed that every atom transpoits tlu' 
same amount of electricity ; the Na atom caiiies a positiv<‘, 
and the Cl atom a negative., atom of electricity. Such 
chargeil atoms aic called " ions.” The atom ot electricity 
is to be observed in many other phenomena, but, in cvc'ry 
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instance, it is the negative one ; this is called the " electron." 
The positive charge is always bound to matter'; the neutral 
atom consists of one positive nucleus surrounded by a uunibor 
of electrons. The Cl” ion is, so to speak, the chemical com- 
bination of a neutral Cl atom and one electron. The posi- 
tive Na'*' ion must be imagined to be formed by removing 
one electron from the neutral Na atom. The magnitude of 
the charge of the individual electron is a universal constant 
e, which can be determined in several ways, and is equal to 
477 X E.S.U. 


8. Ion Lattices 

If such a NaCl solution is evaporated so that the rock-salt 
crystallises out the process consists of the individual Na 
and Cl atoms uniting to form the above-mentioned lattice. 
What happens then to the charge of the atoms ; do these 
cancel one another, or do the atoms retain their ionic char- 
acter in the solid state as well ? 

Madclnng * luis answered this question by the interpre- 
tation of an optical property of 
crystals such as NaCl. Imagine a 
piece of rock-salt placed between 
two parallel, charged, racial plates; 
then the lattice shown in Fig. 2 is 
exix>scd to an electrical field (Fig. 
3 ). If wc assume that the Na atoms 
are positively, and the C] atoms 
negatively, charged then (he fonner 
will be attracted in the direction 
of the field, and the latter in the 
opposite direction. Owing to the ligidity of tlie crystal, 
tliis attraction will produce only a very small relative dis- 
placement of the Na and Cl ions. Now consider the well- 
known phenomenon of resonance; if a pendulum is allowed 
to oscillate freely in its natural period, the amplitude can be 



I'Uj. 3,— Rock-salt lattice in an 
electrical fiekl. 
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increased with a minimum of work. In the same way, an 
oscillating electrical field of suitable period will cause a maxi- 
mum displacement in the crystal. Light-waves are such 
oscillating electrical fields; it is to be expected, therefore, 
that light of a suitable wave-length will ai)prcciably affect 
the crystal, and vice versa be affected by it. Rubens has 
proved this®; he found that infia-red light of a very long 
and definite wave-length is strongly reflected by the crystal, 
whilst light having a slightly different frequency is un- 
affected. ,By repeated reflections he was able to isolate 
Ibis selective light, and on this account called it the " resi- 
dual rays." 

These residual rays proved that the atoms of the crystal 
were charged. That this charge for crystals of the type 
NaCl is exactly one electron, has been shown by calculating 
tlic known frequency of the light from the charge of the 
election, the masses of the ions and the mcasureablc elastic 
forces of the crystal.'* 

Recently, however, the ion-charge has been tested 
directly by Debye and Scherrer, by means of X-ray 
photographs.® The X-rays pcrtiuh the clcclrons of the 
atom, thus jiroducing secondary rays, wliicli proceed 
from the atom; these, by reason of llieir interfeieiiee, 
l)roducc the ]>henomcna discovered by Lane (Eig. r). I'lie 
intensity of tlie interference spots will (le[K‘nd on the numbei 
of electrons present in the atoms ; conversely, by ineasiiimg 
the intensity of the inteiferenee spots, conclusions can be 
diawn as to the number of elections the atom eonlains. fn 
this waj' it has been shown that, in the ciystal of litliinm 
Jluoride, the Li atom has one election less, and the !•' atom 
one more, than in the neutial state. Similar condition'- 
undoubtedly exist in all compounds ol the alkali metals 
(Li, Na, K, Kb, Cs) with the halogens (F, Cl, Br, I) 
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9. The Electrical Force of Contraction 

We have now collected those facts regarding the con - 
stitution of crystals necessary for an absolute calculation 
of their mechanical properties from electrical data." 

If the rock-salt crystal (Fig. 2 ), with its oppositely 
charged Na and Cl atoms, be examined, it will be obvious 
that there necessarily follows from these charges an effort 
by the lattice to contiTict, for the adjacent, oppositely charged 
particles attract one another. Admittedly, paiTicles having 
tlie same charge repel one another, but appicciably less 
strongly, because they are turther apart, and electrical force, 
according to Coulomb’s law, varies inversely as (be square 
of the distance. 

The calculation ol this contractile force has recently 
been achieved by Madclung in the following way.’ First, 
imagine all the ions to be at an infinite distance from one 
anollier, and then infinitely slowly to conic together to form 
tlic crystal lattice. Because of the contractile force they 
yield a certain amount of energy, depending on the absolute 
dimensions of the lattice. If 8 be the distance between 
two similar ions on the same edge of a lallice-cube of u 
crystal ol the type NaCI, llio value found lot this work is 
IJ’94 wheic e, ns above, is the cliargc of llie elc'clron. 


10. Tjiii Force of Repulsion 

Now, tlu) ions remain at this dLslanre, 8, and do not 
completely come together. This can be exjjlaiiicd only liy 
a force of 1 epulsion, which increases as I lie distance diminishes 
and finally attains equilibrium with the contiactile loree. 
Coiisidera lions of a general nature lead to aii e.xpression of 
the form where « is a whole number and h a constant, 
for tlic woik necessary to overcome this force ol repulsion 
in the above pioce.ss of building up a crystal fioni its isolated 
ions. The exact law of the force can be deduced when it 
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depends on the mutual action of the electrical charges in 
the atom, and it can be represented with great approxi- 
mation by sucli an expression. 

The constant h depends on the distance between the ions. 
To make this clear, take a bow (Fig. 4) to illustrate the 
equilibrium of a contractile and an expanding force, The 
wood endeavours to straighten, and the string tends to 
draw the ends together. Given the flexure-force of the wood 
and the elasticity of the string, we can calculate from them 
the shape of the bow and the length of the string, wliich is 
analogous to the distance S between the ions, when in 
equilibrium. If we know the length of the siring and 
Young’s modulus for it, but do not know the elasticity- 




I'lo, 4,— Ec|iiihbnuiii between string and bow. 

Released bow j Bent bow. 

Unstrelched string / ytrctchcd string, 

modulus of the bow, then, convemely, wc can calculate the 
ficxure-forcc of the bow. This exactly coirosptjnds to the 
conditions in a crystal ; the force of contraction is known, 
the distance B between llio ions can leadily be calculated 
from the density and the atomic weight. It follows, llieie- 
foro, that the conditions foi equilibrium yield the data lui 
the calculation of the repulsion foice hjB''. 'I'lie only un- 
known remaining is llie exi)onenl 11. 

II. The Calculation oe hie CoMi’KEssiniLiiY 

.So, except for n, the energy given oiU by the ions in llie 
foimation of the crystal is known, and lienee all the proper- 
ties of the crystal depending on the distance B between the 
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ions can also be determined fi*oni the general laws ol 
dynamics. If llie crystal is subjected to the same pressure 
on all sides it becomes compressed ; this change in volume * 
obviously depends only on the variation of the distance 8 
between the ions, and it should be possible to deduce it 
from tlie above principles. The ratio of the decrease in 
volume to the corresponding increase in pressure is called 
' the compressibility, and is indicated by x. It is, therefore, 
possible, by choo.sing a suitable integral exponent n, to 
calculate this x from the charge e of the electron and the 

distance 8 between the 
ions, which, as stated 
above, is determined from 
the density and atomic 
weight. With = 9 a 
very good agreement has 
been obtained, as is 
shown in Fig. 5.® Plerc 
the compressibilities ob- 
tained by Richards and 
Jones,® in units of lo 
dyns./cm.®, arc indicated 
by crosses ; daslies mai k 
tlie values calculated 
from tlic above theory. 

This proves tliat the elastic resistance to compiession 
depends on elcclriciil forces and can l)e calculalod. 'I’liis 
result may be generalised. 

A gieat deal could still be said on the signilicancc of the 
exponent n = 9. It throws much light on tlie inner sliiictuie 
of the ions, whicli most probably are not systems of electronic 

* In our example of the bow, this alloiaLion in voUtinc corresponds 
to the approach of the ends of the string when the bow is bent foi 
shooting. With a given bending forco this is obviously dote: mined 
by the elastic propei ties of bow and siring. 
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rings in the same plane as in Bolir^s earlier models, bnt have 
rather the form of cubes. The number 8 of the cube- 
corners is probably closely connected with the periodic 
system of the elements, in which each of the first two 
periods contains 8 elements.^® Relations have been shown 
to exist between heats of chemical reaction and ionisation- 
tensions,* and also among other properties. However, a dis- 
cussion of these ideas would extend beyond the limits of this 
essay, but enough has been said to show that science has 
turned with advantage from '' mechanical ether to elec- 
trical matter/' 
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Tllli FUSION OF' CinCMISTRY AND PHYSICS 
1. Tins I’UOHLKMS 01*' CllEMICAI, A]*'1*'INMTY 

T lUi most important task of phj'sical cliemialry is llic 
ciolorminalion of Iho maf'niUulo of tho forces of 
chemical attraction- -airinitios ' and thcnoi; lliu pre- 
diction of tho course of reactions. The dcvelopmonl of this 
field of investigation nwilvos itself into distinct stages 
whicli run parallel with the advances of lliermodynamics.* ^ 
The first staf^e is marked by the application lo chemical 
processes of (i) the first laxD of the theory of heal the Imv of 
the conservation of energy. Bertlielol and 'I'honisi'n believed 
they had discovered a measure of tlie all'mity in the Jieal- 
change in a reaction. Berthelot (iWi;) forimilaled (lie 
principle : " livery chemical change resnlls in the prodiielion 
of sucii substances in the. formation of which most lu*al 
is evolved.” But this hypothesis could no( be luaiulaiiu'd . 
in particular, it could not explain the huge class ol endo- 
thermic reactions in which no heal is evolved, hut which 
ju'oceed with the absorption of heat. 

The next slaf^e in the study of chemii'al alhni ty ( oi responds 
to the development of (2) Ihe scfoiut lawof llw theory of heal 
the law of entropy. Van’t llolf (iHdj) lecognised that tlie 
real measure of affinity was llu* wotk yielded under the most 
favoiiralile conditions, i.e. when a chemical leactioii o 
canied out leversibly at constant tempi'iatuies. llehniiolt> 
called this work " free energy ” ; its tcmpi'iature coellicienl 

* J I'-KKcil has givoii a good roviiiw of ilm ovoluliun of fluiiiiio 
chemisUy up lo and including Neinsl’s Ihwny in " J)le Nalniw 
7 , 883 (I'jry). 
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is called entropy. VaiiT Hoff’s definition has been fully sub- 
stantiated, and has made possible, from a small number of 
measurements, (he prediction of the couise of chemical 
reactions under varying temperature, pressure, and other 
external conditions. These measurements are, with one 
exception, of a purely physical nature, being determinations 
of heats of reaction and specific heats. The one exception 
is chemical affinity which has to be measured at one tem- 
perature before it ran be calculated for all other tempera- 
tures from the laws of ^srthermo- dynamics. 

Nernst was the first to solve the problem of eliminating 
this chemical measurement, thus reducing the calculation of 
affinities to purely physical dimensions, and so he initiated 
the ihird stage in the development of thermo-chemistry. 
The practical importance of Nernst’s theory, and its relation 
to the latest development of the science (the quantum 
theory), justify its being designated as the third laio of the 
theory of heat.* Nernst’s hypothesis is that this necessary 
determination of affinity at one temperature can be replaced 
by a general law for the behaviour at very low tempera- 
tures. From general thermo-dynamic principles the curves 
which represent the variation of heat of reaction and affi- 
nity with temperature meet at absolute zero; accoidiiig 
(0 Nernst they are also tangential at this point. This 
means tliat at vei y low temperatures Berthelot’s hypothesis 
is true ; from this the affinity curve can then be determined 
for all IcmperaUucs 

This, indeed, is a gieat achievement — the dcteimination 
of chemical processes by purely physical measurements. It 
is a fusion of chemistry with physics, which apparently 
leaves nothing to be desired. 

But tlu'rc yet remains another problem, the solution of 
which must always be an ideal of the physicist— the proof ot 


* Moio concerning this can be found in Kggerl s essays 
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the unity of ali physical and chemical foixes and their re- 
duction to reactions between the elementary components 
of matter — electrons and atoms, or atom-nuclei.* Modern 
physics already possesses models of the atom, which cer- 
tainly approximate to the facts, and witir these it can 
explain numerous mechanical, electrical, magnetic, and 
optical phenomena. It must not stop with iliesc, but must 
endeavour also to reduce chemical properties to atomic 
forces, in so far as they are known. In this respect Nernst’s 
tlieory is a good starting-point, for it reduces the complexity 
of chemical processes to a series of simple constants. It is 
now the task of the molecular physicist to calculate from the 
properties of the atom these constants which the physical- 
chemist can determine by calorimetric and similar measure- 
ments. This opens up an e.xtensive held of thermo-chemical 
investigation. 


2. TitE Elementary Chemical Constants 


Tn order to survey what already has been done in tlris 
field, and what is still outstanding, we will consider, as an 
example, a reaction in which two monaloraic. gases A and IJ 
unite to form the gas AB : 

A + B = AB. 


Tlio converse process is the dissociation of the substance 
into its components. 

Both processes load to an equilibrium, in whicli all three 
substances arc present with definite partial pressures, p,, 
pH, and piH. To this equilibrium tin* law of mass-aclion 
applies, i.c. ihe latio 


pAH 


I- 


(I) 


for a given total pressure p has a definite value which depends 
only on the absolute temperature. This relation can be 


* CL U»e first essay in tliis book : " The Atom.” 
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ascertained from the tliree laws of thermo-dynamics, and it 
is found that 

logK/, - - log r + c . . (3) 

where R is tlic absolute gas-constant (about 2 cals.), and 
Qu, c, and C are three constants, which have the following 
meanings : — 

1. Q„ is the heat of reaction at absolute zero, i.e, llio 
amount of heat evolved at very low tcmperatiu’es by the 
combination of i mol of A with r mol of B to form i mol of 
AB, Qg can, therefore, only be found by extrapolation from 
the heats of reaction measured at higher temperatures, 

2. c is obtained from the molecular heats at constant 
pressure of the three reacting gases c j. c„ and Cah as follows : 

^ = Oa "h 

3. C is similarly related to what Neriist calls the chemical 
constants of the gases, Ca, Cb, and, Cai, 

C — Ca + C/j — Caii- 

The chemical constant of a gas dcpc'uds on the saturation 
pressure p of the gas in equilibrium with its liquid. Tliib 
pressure p decreases very rapidly wdlli the temperaturo ; 
and, indeed, at low temperatures the following formula , 
analogous to (2), holds ; 

= )-r 

where is the limit value of the latent lieat of the vapour 
with decreasing temperature, aiul 7 is its temperaturo 
coefficient, i.e. x — • -)- 7T The coustaui C' occuiruif' 
here is the chemical constant of the gas ; it can be detrr- 
mined empirically for every gas by measuiement of its 
saturation pressure. 

Hence ^the three constants (),„ c, and C are composed (>f 
directly measurable quantities, so that the constant, Kp, uf 
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the law of mass-action is reduced to purely physical measure- 
ments. 

Now commences the task of the theory of atoms, namely, 
to predict the three constants Qo, c, and C, or, alternatively, 
their components, from the properties of the atoms A and B. 
This problem has been solved for c and C, For some time 
the specific heats of the gases have been reduced, by the 
kinetic theory of gases, to the simplest properties of the 
molecules, namely, to the number of " motion freedoms ” 
or degrees of fieedom they possess. A monatomic gas, tor 
example, has three degrees of freedom — potential displace- 
ment in three directions at right angles to one another ; for 
it the kinetic theory of gases yields for tlie specific heat at 

constant pressure the value It can be assumed that the 

problem of the atomic calculation of specific heats is fully 
solved, not only for gases but also for solids. 

Again, there is no reason why the chemical constant C 
should not be calculated thcoictically. The first deductions 
were made by SacKur ^ and Tetrode,® using the quantum 
theory, but some doubt was attached to llieir results. TJien, 
however. Stern,'* using a method free from objection, showed 
that the same formula for C can be obtained by a combina- 
tion of thermo-dynamics and the kinetic Iheory of mailer. 

Although C is defined by the formula given above for 
the saturation pressure, it docs not depend on Die condensed 
liquid, but only on the gas, and, foi a monalomic gas. 


C = log 


(277)* X 7 ^^ 


-I- 3- iog 


whcie fi, the atomic weight, is the only term deiiending on 
the gas ; otherwise, only universal constants oeeui, viz. the 
gas constant R, the number N of the molecules in tlie mol 
(Avogadio’s number), and Planck’s constant Ji. 

Similar formulce hold tor polyatomic gases. In tliese 
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tile moment of inertia of the molecule and cilso the relative 
oscillation numbers of the atoms in the molecule arc included. 

There remains only to be discussed. This is, indoed, 
a fundamental problem in the theory of the atom ; Us 
general solution is still far distant. In recent years, however, 
.several very promising attempts have been made whicli will 
perhaps form the starting-point of the fourlh and last stage 
oj the theory of heat. A short account of them will now be 
given. 

3. U'he Combination-energy of Diatomic Moekcules 

The heat of reaction at absolute zero Qo ('Jtn also bo 
defined as the difference between the sum of the polenllal 
energies * of the separated atoms A and B and that of the 
molecule AB, or, alternatively, as the work that inusl be 
applied to decompose the molecule into the atoms A unci B 
(all quantities being multiplied, of course, by the number "N 
of the atoms in the mol). In order to calculate Q„, tlic forces 
ot attraction which the atoms A and B exercise towards one 
another must, of coui'se, be known. Unfortunately, our 
Icnowledgc of these forces is very limited ; only for suhslaiKX's, 
the molecules of which can easily bo split up into ions, luivc' 
we any knowledge of tljc nature of alomto foiros. These' 
compounds arc, as suggested by Abcgg,® calletl hr/t'i'opohir , 
examples are salts of the type NaCl, which dissocialo iiUo 
the ions Na' and Cl , 01 the allied acids sucli as IK‘ 1 . 
in which H ' replaces tlie metal ion. Compounds lliat do 
not possess this clcctropolar chaiacler are calU'd lioniupolar , 
examples of these are the elemental y gases N^,, Oj. Ck, 
etc., and compounds, the components of whicli aic simihii, 
such as IBr. The nature of the forces holcUiif' L!ii> liomopolar 

* Values for heat, energy, and work aie rofci ret) to tlimensums 
of the same kind, and aio calculated in kg -calb 'I'lic inocliaiuui! 
dimensions aic converted by dividing by the mcc lianiral e(|invaU‘nl 
of heat. 
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unds together can only be surmised ; but it is prob- 
,hat between the components of a heteropolar com- 
.id they are electrical. Kossel * * has systematically 
stigated this, and has proved that, by this hypothesis, 
•ge portion of inorganic chemistry is explained physically. 
Thus the fundamental hypothesis is that the heteropolar 
lecules are actually " ion-compounds,” i.e. they are 
med by two consecutive processes. First, the neutral 
ms exchange one or more electrons, thereby becoming 
s, and then these ions owing to their unlike charges, 
ract one another, according to Coulomb’s law of electro- 
tics, and become attached. Only this second process 
'eferable to known physical forces ; the first is entirely 
oretical, and can be pictured only in those few instances 
ere a weU-estabhshed atom-model is available, e.g. the 
itral H atom and the He *' ion.f Wc will now assume 
,t we are given i mol of positive ions, say H ' , and i 
1 of negative ions, say Ch , both being in infinite dilution 
” ion-gases ”), and it is desired to calculate, on the 
lis of Kossel’s hypothesis, the heat evolved in the 
nbination of these to form i mol of HCl gas. In 
er to illustrate the law of attraction, let us imagine the 
• ion to be fixed, and make a diagram (Fig. i) in which the 
tance r between the H * ion and the Cl~ ion is the abscissa 
1 the potential energy c/i of the mutual electrical attraction 
the ordinate. According to Coulomb’s law, if e is the 
ic charge, ^ is represented by the equilateral hyperbola 


ich lies entirely below the abscissa. It will make the 


* Kossel has rocoiitly given an account of Ins theory in an essay, 
n the Physical Natuio of the Valency-forces," " Dio Nalurw 
>• 339 { 1919 ). 
f Cf. Section 6 below, 
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action of this potential energy, clear to imagine the H'*’ ion 
to be an infinitely small sphere which rolls on the ^ hyperbola 
as on a slide ; then, obviously, the sphere will roll towards 
the Cl~ ion until it is stopped by it. If the latter be a 
sphere of radius rg, then in the figure the Cl“ ion is repre- 
sented by a parallel to the axis r = 0, at a distance ; 
beyond this the rolling H *' ion may not pass. It will, there- 
fore, remain at the point where this line intersects the hyper- 
bola, and the ordinate of this point ^0 is the energy (heal) 



radiated by the combination of the two ions. We have, 
therefore, 

. . . (4) 

Now this picture of the atomic forces is loo crude, for one 
cannot assume that the ions behave like infinitely iuiid 
splicres, otheiwise liquids and solids (NaCl, etc.) formed 
from them would be incompressible. So in place of a hard 
shell it is more reasonable to postulate a lepiilsive force 
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t great distances, is indefinitely small and does not 
nfinitcly rapidly. The analogy of the Coulomb 
for the potential energy : 

+ ■ ■ ■ ■ ( 5 ) 

here /3 and n arc constants. This is a hyperbolic curve 
'ig. 2) lying above the abscissa, the negative slope of whicli 
creases with the exponent «. If we again I'cgard this 
iirve as a slide, the H*' sphere placed on it will roll to 
ifinity, thus illustrating the nature of tlic repulsive force. 

Actually, there are both attraction and repulsion, and 
he potential energy is given by the equation 



the graph of which is obtained by tlie algebraic addition 
of the ordinates of the two component (dotted) curves 
(Fig. 3). This gives a curve which has a minimum value 
where the H ' sphere, laid upon it, will remain in equilibrium 
with the abscissa and the ordinate Using ilic differen- 
tial calculus we obtain between r,j and <l>„ the relation 



The first approximate formula (4) must, Uiorefore, be com- 
pleted by llie factor i 

In order to apply this formula (7) to the oneigy of eoni- 
bination, the following conditions must lie fulfilled. 'I'he 
interacting ions must be regarded as poiiU-cluirges and (2) 
ro as well as n must be known. In gas molecules such as 
HCl the H ' ion is a simple singlc-chaiged nucleus: it can be 
regarded as a point; the Cl" ion, however, consists of a 
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nucleus sufi'ounded by 18 electrons, and is therefore an ex- 
tensive structure, the form of 
which will presumably be ^ 

markedly influenced by its 
neighbour the H ' ion, so that 
the charge of the electrons 
cannot be assumed to be con- ^ 
ccnlrated in the centre. If 
in spite of this it were desired 
to apply equation (6), it would 
still be impossible, for although 
the nuclear distance is known 
accurately from the theory of 
the infra-red band spectrum ^ 

^ ^ , FiQ. 3.“~l!lufitrating MiHultaneous 

ei'niliGd by the niolcculo, the altractlon and repulmon^ 

exponent n is not. = -?!! + £. 

Hence the theory cannot '' 

yet be used in this form. An advance on Kossel’s hypothesis 
in a quantitative direction was only possible when the theory 
of tile ionic structure of crystals was utilised.’ 



4. The Energy of the Cry.stal-lattice 


Instead of the halogen acid HCl, we will consider the 



Imu, 4 — '1‘he crystal-laUice tj( 
hodiiuH cliloridc; o — sotlmm 
cldontic ions. 


allied alkali salt NaCl, which 
forms regular crystals having a 
well-known lat tire-stiucture We 
know that the lattice is built up 
from the ions Na’ and Cl" like 
a chessboaid in three dinicnsions 
(Fig. 4),’*' and we have scveial 
reasons foi assuming that tlic 
forces of cohesion holding the 
lattice together arc similar to 
the chemical forces binding the 


* Cf. the piovioas essay, p. 41. 
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molecule NaCl in the vapour^of the salt. In the crystal 
each ion is symmetrically situaeM with respect to its neigh- 
bours ; if, by reason of the electrostatic forces, it is dis- 
placed, only similar and equal expansion or contraction can 
occur, so that the general symmetry remains unaltered. 
Hence the ions can be replaced by point-charges. Between 
any two ions then there will be an energy-potential of the 
same kind as that already indicated for the two ions of the 
HCl molecule (6), i.c. an expression of the form 



We must remember that like ions (c.g. Na ' , Na ' , or Cl , C. 1 ') 
repel one another, so, in the first term, we take lor them the 
positive sign, whereas for unlike ions (c.g. Na*', CT ) the 
negative sign (attraction) is again used. As adjacent ions 
are always of unlike cliarge, the fust term will give for 
adjacent ions a force of contraction, the second term then 
represents the opposing force which prevents the collision 
of the ions. 

Now comes the mathematical problem of calculating the 
potential energy of the whole lattice from the mutual inter- 
action of any two ions. It is obvious that the solution 
must be of the form 



where 6 is the lattice constant, i.c. the distance fiom one 
ion to the next like ion on the edge of the cube (h'ig. 4), and 
a and h are constants obtained by the summation of 
and Madelung has given a simple method for cal- 
culating the constant a of the electrostatic term ® ; it is, of 
course, proportional to e® and depends only on the structure 
of the lattice. For a lattice of the type NaCI, il <]> is the 
potential energy lor each elementary ciilie of edge 8, il 
comes to 

a - I3-94C® . . . (9) 
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It will be seen that <Ij depends on S in exactly the same 
way as <f) depended on r (6). Hence all the above deductions 
can be transferred, nmtalis mtUandis, to the lattice. To 
particularise, the following connection between the equili- 
brium value So of the lattice-constant and the corresponding 
energy for each elementary cube can be established, cf. (7) : 

We arc now in a position to utilise this formula. The 
lat tice-constant So, for the crystal in its natural undeformed 
condition, is accurately known, for if fjt,^ and /ii_ be the 

atomic weights of the two component ions, then — ■ 

is the mass of one molecule of NaCl, and, since the elementary 
cube contains four (Fig. 4), the mass contained in this cube 
is 

4 -^^=! -A” . • • (II) 

where p is the density of the crystal ; from this S„ can be 
calculated. 

The exponent n can also be accurately determined, for 
it is obviously connected with the slope of the repulsion 
curve (Fig. 2). Referring yet again to our example of a 
sphere on a slide, if we displace the sphere from the point 
of equilibrium (Fig. 3} towards the other ion, we must ])ush 
it up the steep slope shown in the figure; this ohvioiisly 
depends on n. With a crystal this process is accompanied 
by a diminution of the lattice-constants, and is therefore a 
compression. Hence the c.xponcnt n is closely connected 
with the compicssibility k of the crystal. Actually, calcula- 
tion yields the equation 

a{n — i) 


K — 


( 12 ) 
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hich n can be determined if n is obtained experi- 
-lly. 

bas been found * that for all alkali-halogen salts of 
; NaCl we may, with sufficient accuracy, lake 

n ~ 9. 

Thus all data necessary for the calculation of the energy 
U, evolved as heat by i mol in its formation from 
ions, are known,® U is obtained from by mulli])lica- 

tion by — because the elementary cube contains four 

ion-pairs (molecules): 



Ii we now insert the values for a and 8^ from (9) and (ii), 
and also the known Avagadro number N and the electrical 
elementary quantum e, we obtain 


H = 545 \/— . . (14) 

By insciting, for different salts, the atomic weights ol tlu^ 
component elements and the densities of the crystals, tlieii 
heats of formation from ions can be calculated. Tlu‘ 
values (in kg.-cals.) for the salts Nal and KI arc found to be 

t^Nal “ 15^ i ™ 14^1* 

These refer to absolute zero, as the ions arc assumed to 
be at rest in the calculation ol tlicii equilibria. Unfoi' 
tunately, U itself cannot be measured diiectly; there ai(\ 
however, several ways of relating it to oliscrved lu^ats of 
reaction and other energy constants. 


* Cf. the previous essay, p. ,\H. 
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5- Reactions between Binary Salts 

Wc will now deal with a chemical process that can be 
regarded as consisting exclusively in an interchange of ions. 
The heat o£ reaction of such a process must be composed of 
the algebraic sum ol the corresponding values of H." Let 
us consider, for example, tlie reaction 

NaCl -h KI == Nal + KCl . . (13) 

This can be supposed to proceed as follows : First, each 
mol of the solid crystals NaCl and KI splits up into tiie free 
ions Na'‘‘, K‘*', Cl", and 1 '", for which work UNaci+ Uki 
must be supplied. From the fiec ions Na"*', K'", Cl”, and 
I“, I mol of each of the crystals Nal and KCl is built up, 
whereby energy J 7 n#i + Ukci is liberated. The total heat 
evolved — the measureable heat of reaction — is therefore 

Q “ Unm + Ukci — Unaci ” Uki . . (16) 

The proof of the theory in this manner is only possible when 
the values of both JJ and Q arc accurately known, because 
Unbi J/kci and UNaci + Uki are almost equal, and their 
difference would be considerably influenced by inaccuracies 
in Llic values of V. If Q be calculated from the heats of 
formation of the individual crystals, as was first attempted 
by the author,® very inaccurate results are also obtained. 
Fajans has increased the accuracy of estimating Q by 
calculaLirrg it in air indirect way from the lieats of solution 
wliicli can be accurately determined. He assumed the inter- 
action of NaCl and KI to Nal and KCl to take place as 
follows : 

First, the salts NaCl and KI arc dissolved in a largo vol- 
ume of water, whereby Ln„ci -|- Lk\, the heat of the solution 
per mol, is libcraled. In the solution the sails are completely 
dissociated, and the ions aN ' , K ' , Cl , and I are absolutely 
free. Hence the dissolution of the two salts KCl and Nal 
would give exactly the same solution, the heat Lkci Ln., 
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i'l 

)eing liberated. If the ions be removed from the solution 
,nd built up to form the crystals KCl and Nal, the energy 
- (^Kci + Lmi) must be supplied. In changing the one pair 
if salts to the other by this method of solution, the total 
leat 

Q ~ + Eki -- Ekci — En«i . . (17) 

3 evolved. From this formula (17) Fajans has calculated 
) from the known heats of solution, and compared them 
Hth the theoretical values (16) from the lattice theory. The 
ollowing table shows his results : 

TABLE I 


Renetton. 

Q from tlfo 
lattice Ihcory. 

Q from the 
heats of Bohition, 

KCl -t- LiBr = KBr + LlCl 

4 

3*6 

KCl + Lil = KI H- LiCl 

7 

7*a 

KCl + NaBr =. KBr -|- Nad 

3 

2*0 

KCl + Nal = KI -1- NaCI 

5 

3*4 


The results justify the further development of the theory. 

6. The Ionisation-energy or Positive Ions 

It wtU be necessary, however, to investigate not only 
lie combinalion of ions, but also the mechanism of their 
ormalion. The theory of the process of splitting off clec- 
rons — the formation of positive 10ns — is at about the same 
tage of development as the above theory of tire combinalion 
[ ions. l''or tlie latter, the heat of combination U could 
ol be obtained solely from the properties of the atoms or 
ms, but use had to be made of measurements of density 
nd compressibility. Similarly, the work of separation of 
n electron from an atom cannot be deduced, except in a 
ivv instances, by simple calculation from its constitution, 
ut it can be reduced to optical measurements admitting of 
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a high degree of accuracy. This fundamental connection was 
brought out by the investigations of Franck and Hertz, 
and depends on the ideas concerning the constitution of 
atoms evolved by Bohr.^® 

It is well known that the line spectra of the elements 
can be arranged in series the frequencies in which obey laws 
of the following form : 

. . . (18} 

where n is the number of the series line, and /(«) is a function 
which approaches zero as n increases. The lines of the 
scries, therefore, crowd towards the " series-limit," For 
the well-known Balmer series for hydrogen. 


Vn — v„ 


K 


(19) 


n=^ 3 ¥ 5 6 7 8 Uoo 



15000 200Q0 25000 

Fiq. 5 . — Hydrogen scries (13almer), 


.i 


where the so-called Rydberg constant, 

K 

K = 3'29i X iQi® see. h and i>= , 

"4 

Fig. 5 shows this series ; it will bo observed that the lines 
in the ultra-violet come closer and closer together, and 
crowd up at the series-limit 

This I'egularity is interpreted by l 3 o]ir as follows : As in 
classical electro-dynamics, he assumes that the exchange of 
energy between the atom and the light radiation is effected 
by an electron which we will call tlie “ optical electron.” 
But contrary to all teachings of the classical theory, the 
atom is assumed to possess a scries of “ stationary ” states, 
3 
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ill which the electi’oii i evolves in definite orbits without 
radiating energy. The energy-contents ol these states 
differ by finite amounts; they are best measured by the 
work W necessary to detach the optical electron from the 
atom, and to bring it to rest at an infinite distance. If the 
energy of the atom in tliis " ionised condition ” lie taken as 
zero, in another stationary state it will be equal to — W. 
As already mentioned, the atom is assumed to radiate no 
energy when in a stationary condition, but when it goes 
from one of these stationary conditions Z' to another, Z, a 
radiation — absorption or omission — is assumed to occur, 
according as the expenditure of energy W — IE is positive 
or negative. 

Bohr naturally cannot allow the rules of classical electro- 
dynamics to hold for the law of this radiation. Instead, he 
uses Planck’s quantum theory,^** according to which the 
frequency of a radiation and its energy, 7 i, arc related by 
the equation 

ltv = E . . . . (ao) 

where h is the universal constant discovered by Planck, the 
value of which is 

h — 6‘54 X io~ ergs/scc. . . (21) 

Accordingly, Bohr states that the transition from the 
condition Z’, with work of separation IF', to the condition 
Z, with work W is, if W is gieatcr than IF', accomjianied by 
an emission of a frequency v, accoiding to the equation 

hv=^W -W . . . (22) 

and that the reverse transition can only be produced by the 
absorption of a radiation of frequency d. If one gives to 
Z* a series of values Z^, Z^ . . . and allows the system to go 
from these conditions to one and the same final condition Z, 

*A survey of Planck's quantum llieoiy will lie fouiul in 

" Nalurw.,'' 0 , part 17, pp. 195-2OJ (itjiS). 



THE FUSION OF CHEMISTRY AND PHYSICS 67 

tho energy of which must obviously be smaller, tlian that of^ 
any of the starting conditions (and hence W must be greater 
than any one of W,i), one obtains the frequencies 

. . . (23) 

and Ihis equation becomes identical with the series-law (i8) 
if one inserts 

W^h,„,W„=^/!/(n) . . ( 24 ) 

Hence the terms of the series-formula, multiplied by Planck's 
constant /i, give directly the separation-energies of the 
electron in each of the individual stationary states. 

In particular, the work of separation for the limit-orbit 
of the optical electron depends on the series-limit ; to 
this orbit the electron returns after the emission of all the 
lines of a series. The limit-orbit can be any one of the 
stationary orbits of the atom ; lor each such orbit one obtains 
another line-series with auothei limit. The occurrence of 
these series depends on the conditions of excitation, and 
varies in /lames, in Geissler tubes, and in sparks. For an 
orbit to occur frequently as a limit, it must be so arranged 
that a considerable portion of the atom is in that state in 
which the electron travels in this oibit. This is achieved 
by supjilying energy from outside by electiical discharges, 
increase in temperature, or by the absorption of light. 

J 3 nt when there is no addition of energy the optical 
electron is in the orbit coi responding to the normal, unexcited 
state of tlu: atom. If it absorbs energy m this condition, 
there is formed a series, the limit of which, muUiphed by 
//, gives the energy of separation of the electron from the 
unexcited atom. Now this is the work of ionisation, and a 
fundamental connection has been established. 

I'/ic it’oyk of iontsalion is obtained from the equation 


(25) 
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wheye is llte lirnii of the frequency series which the atom 
absorbs in its natural unexcited condition. 

This law has been amply confirmed by the work of 
Franck and Hertz and their collaborators. The work of 
ionisation is measured directly thus : A stream of electrons 
of definite velocity is directed into the gas, and the number 
passing through the layer of gas and their emerging velocity 
are determined. If the gas is electro-positive (rare gases, 
vapours of metals), the collisions of the electrons with the 
atoms proceed elastically as long as the electron-velocity 
does not reach the definite limit given by its kinetic energy 
'becoming equal to the difference 

W - Wi = huu 

which is the energy which must be supplied for the first line 
of the absorpi ion-series. As soon as the electrons have 
attained this energy they give it up on collision with the 
atoms, which in turn lose it again as light radiation. This 
was first confirmed by Franck and Hertz for the mercury 
line a536A.i'‘ Similarly, but less conclusively, the quan- 
tities of energy necessary for the other series-lines have been 
investigated, and Franck and Einsporn have succeeded in 
determining a iarge number of lines in mercury vapour by 
means of the energy lost by the bombaiding electrons.^* 
Lines arc also obtained which may be calculated from the 
series-formula), but which arc not available to optical 
methods. Now the loss of energy by the bombarding 
electrons clearly occurs at that velocity rcquiied for the 
complete ionisation of the atom. This energy of ionisation 
is measured by the electrical tension in volts through which 
the electron must pass, in order to attain the final velocity 
necessary for ionisation. The ionisation-tensions for many 
elements have been measured by this method of electron- 
shock, and the law (25) has boon verified for all. As the 
series-limits are known with great accuracy — far greater 
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than that obtainable electricallj^ — one has an accurate 
optical measure of the work of ionisation of electro-positive 
elements. The following table gives for the alkali metals 
the frequencies together with the ionisation-energies J 
(in kg. -cals, per mol), calculated from them: 

a'ABLE II 


ElemetU. 


J. 

Li 


123*0 

Na 

41445 

117*0 

K 

35006 

99*0 

Rb 

33685 


Cs 

3M07 

88*6 


The values /, like the lati ice-energies C/, aie establisliecl 
and fundamental thermo-chemical constants. We will now 
consider chemical reactions, the lieats of reaction ol which 
are determined solely by Ihese two quantities TI and /, 
Such a reaction is 

NaCl -I- K -= KCl + Na . . (26) 

whcie the mctnls K and Na are in tlio gaseous state. The 
heat ol j*caction is obviously 

Q — f/ncj "■ UNaLi H Jho. - Jw • « (-7} 

Again, Q can be detennined from the known heats of the 
reactions between the solid metals and the sails and llie 
heats of vapoiisation of llio metals. Hemr the theory can 
be tested.® 

7, The ELEC'inON-AFFINITY of ELKClKO-NrCGAlIVF Atoms 

We can also arrive at the same result by cinoLher method 
which, at the same lime, involves the third fundamental of 
thermo-chemistry — the energy accompanying the formation 
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of the negative ions. From numerous chemical facts sys- 
tematically arranged by Kossel,® one can deduce that the 
process of attaching an electron to the atom ot an electro- 
negative clement — a halogen atom, for iiistance—is accom- 
panied by the production of energy. The negative ion is 
therefore more stable than the neutral atom, which has an 
aflinity for an cleciron. As a measure of the electron-affinity 
we take the work E, necessary to detach an electron from 
the ion and bring it to rest at an infinite distance. 

The I’clation between B and the above-mentioned 
energies will be clear from the following diagram : 



if we imagine i mol of solid NaCl dissociated into the 
free ions Na '' and Cl", and these converted into the neutral 
atoms Na and Cl by the exchange of electrons, and then the 
Na vapour condensed to solid fNa], and every 2 Cl atoms 
combined to a J mol of Clj molecules, h'rom this we can 
return to the NaCl, at the same time obtaining the lioat 
of reaction each change the heat liberated is 

measured. Apart from the already defined symixds, the 
following additional arc used : for the heal ol vapoi isa- 

tion of the metal, and 7)ci for the lioat of dissociation of a 
■i' mol of CI 2 gas into i mol ol Cl aloni'^ I'roin the above 
cycle it can be seen that 

t?N«ci ~ Unrci + /nk ~ Aci i- Un,, -I- o (29) 

Here every term is known except Ea', it can, Iheiefore, 
be calculated from the values of the others, if. instead of 
NaCl, we take other alkali chlorides, several indoirendent 
values for E^ arc obtained ; these, apart from errors in the 
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mcasuremciil of the other terms, shottld be equal. Calcula- 
tion has shown that this is, indeed, so, and therein lies a 
confirmation of the theory. In this manner Born (1919) 
calculated the electron-affinities of the halogens ; the valuci 
of Ec\ then found, however, was much too high, a later 
determination of tlie heat of dissociation of chlorine gas 
by von Wartenberg and his pupils has shown that this 
value is only about half that previously accepted (Dci = 55 
kg, -cals,, not lofi). Based on the most roliahlo data we 
now have 

ii'ci = 86 ; iiBr = 86 ; E, ~ 79 kg.-cals. . (30) 

In these figures the slight decrease with increasing atomic 
weight appears questionable ; it is probable that they will 
undergo still further and considerable alterations with ficsh 
del orminations of the Ihormo-chemical data. 

Franck has recently indicated a direct method foi 
the determination of the electron-affinities of the electro- 
negative elements; it is based on the following considera- 
tion. When an electron approaches an atom it rushes 
towards it, releasing a certain quantity of energy W, which 
can have varying values since theolcctron can have different 
initial velocities, and consequently different amounts of 
kinetic energy. The smallest value for IF, corresponding 
to the electron being originally at rest relatively to llu' 
atom is obviously the electron-affinity, E. Each v.iliic for 
TF is related by Bohr’s quantum-law W -- hv to a frequcjicy 
/' ; these Irequencies form a continuous spectrum which ends 
al the ficquency I'o, where /ir,, = K. In a pholograpli of 
the iodine spcctiuni by Steubing,!® Franck has found such 
cl spectrum which even with tlie greatest dispersion could 
not be resolved into bands, but remained eontinuoiis, 
fiirlhei, with rising leinperatuie it became moie distinct, 
whcicas the band spectrum oiiginating from the iodine 
molecules and photogi aplied a I tlie same (ime became 
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weaker. It , is therefore highly probable that this spectrum 
originates from the iodine atoms. A similar continuous 
spectrum for bromine was found in photographs by Eder 
and Valenta ; for cliloiine it was recently discovered by 
Angerer.®® From the photographs the following values 
are obtained : 

■Eti = 89-3 ; En, = 67-5 ; Ei = 59-2 kg. -cals. ; . (31) 

of these the first agrees well with the lattice theory value : 
the discrepancies among the others arc probably due to the 
inaccuracy of the thermo-chemical data used in calculating 
the lattice theory figures, 

8. The Ionisation-energy of the Hydrogen Halides 

Finally, we return to the problem of tlic gaseous hydrogen 
halides, which fonned the starting-point of our considerations 
of the combination-energies of the ions.^i Wo have now 
all the data with which to determine them. The energy 
set free by the union of i mol of H ions with i mol of 
Cl" ions to form HCl molecules, we will call /nci. Then we 
have the following cycle : 



This needs no description. But something must be said 
about the ionisation-energy /n of the H atom, for this cannot 
bo obtained by direct measurement, but innsl be calculated 
from Bohr's theory. The H atom is one of the few tor 
which Bohr’s theory completely explains the orbit of the 
optical electron, for this election is the only one that revolves 
completely round its positive atom-nucleus ; it moves under 
the influence of the Coulomb attraction of the nucleus in 
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circles or ellipses, like the planets round the sun, and in 
riccordance with the same Kepler laws. However, here all 
Klepler ellipses are not possible, but an equation, deduced 
irom Planck’s quantum theory, defines a definite series of 
orbits which are the “ stationary slates ” of the atom. The 
energy of the «th orbit is 


W 

w,.-- 


(33) 


vvli ere K is the Rydberg and h the Planck constant, 
sequently the series given by 



is possible. Its limits have the frequencies 


Con- 


(34I 

(35) 


Among these is the above-mentioned Balmer series (19) 
Xor which m = 2, in the emission of whicli series the electron 
therefore jumps from the nth orbit back to the second. 

The first orbit corresponds to the unexcited condition of 
the H atom, for which = and therefore the work 
of ionisation J ~ hK. From this the ionisation-energy of 
X mol of H atoms is found to be 


'Jn -- NhK = 310 kg.-cals, . . (36) 

I L is this number that is used in the cych; (32), wliich now 
yields an equation analogous with (20). 

Quc\ — Jtici + Jn ~ -^ci -h -Oil + -^ci = (37) 


111 this the value obtained from (29) can be insorlod fui 
Dci — Ea with the following result : 

— /nci + + t^NaCI — C^Notl ' ' J ~ Dsa -0 (38) 

In this equation all the quantities are known except Jnct ; 
this, then, can be calculated, and the same value should 
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! always be obtained whichever univalent metal, say K or 

I Rb, instead of Na, be used: herein lies the proof of Die 

I theory. Born made this calculation in 1919 and actually 

found, for the work of ionisation of hydrogen halides, de- 
finite values, almost independent of the metal used : 

Jhci = 322 : Jhbv = 308 ; = 299 (kg.-cals.) (39) 

It is remarkable that these values arc not only nearly equal, 
but also approximate, to the ionisation- tension of the 
H atom, for which, using Bohr’s theory, we have just found 
the value Jn = 310 kg.-cals. (36). The separation of a 
negative ion, such as Cl~, Br-, or I", from the H'' ion 
therefoie yields almost the same amount of energy as docs 
the removal of an electron from the H*" ion. Haber *** first 
drew attention to the importance of this relation to the study 
of the structure of the atom. 

The values given in (39) can be tested by direct measure- 
ment, since the hydrogen halide molecules can be dissociated 
into their ions by the electron shock method, just as a 
I metal atom can be divided into its ion and an electron. 

These experiments were made by Knipping ; to the 
, figures he has found, a correction must still be applied. As 

i; it is difficult to measure directly the tcnsioii-gi luUcnt thi'ougli 

I which the bombarding electrons pass, he mixed helium wiDi 

the gases under investigation and used it as a standard. In 
; this way the absolute measurement of the ionisation-tension 

;| of helium, by Franck and Knipping 's mctliod, was combined 

I with the electron shock method; in the meantime, liowevei, 

( Lyman** succeeded in determining spectographically the 

; ultra-violet principal scries of helium, and from these obser- 

; vations Ftanck** was able to deduce the ionisation-tension 

with the great accuracy of optical measurements, and found 
f it to be about 18 kg. cals. The coirected Knipping figures 

are : 

7 hci = 313 : /iiBr ~ 299 : 7,„ ^ 290 kg.-cals. (.|o) 
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llie value for HCi has also been determined by Foote 
and Mohler,*® who found /hci = 323. The agreement with 
the figures calculated from the lattice theory is very satis- 
factory. 

If, conversely, the Knipping figures (40) are taken as 
correct, then with the aid of (38) the lattice-energies can 
be expressed completely by quantities capable of direct 
measurement, excluding that is Jn which has been definitely 
established from theory. Hence all the quantities occurring 
are comparatively certain, excepting the heat of dissociation 
of hydrogen Du, for which estimates vary between 35 and 
50 kg.-cals. Taking the probable value Dh = 40 kg.-cals., 
the following table is obtained. In this the lattice-energies 
(Hctiio) calculated according to (14) are placed beside the 
values deduced according to (38) from measurable quantities 
([/ob»). The caesium salts are omitted, because the lattice 
structure found m CsCl is not of the normal type illustrated 
in Fig. 4. The lithium salts are missing; owing to the 
minuteness of the Li ion the exponent n of the law of 
repulsion (8) is presumably much less than 9 



Hobs 

calc 


Hobs 



^ obif 

^ talc 

NaCl 

183 

182 

KCl 

165 

162 

RbCl 

161 

155 

NaBr 

170 

171 

KBr 

i 154 

155 

KbBi 


1.^8 

Nal 

159 

158 

KI 

144 

144 

Rbl 

I4I 

138 


The agi cement is so striking tliat the foundation of the 
electrostatic theory of tlie molecular forces may be regarded 
as proved. 

Taking, for the latlice-eneigics, the theoretical values 
a.nd, for the work of ionisation of the hydrogen 
halides, the observed figures (40), then fiom the equation (38) 
(he heals of formation Q of the hydrogen halides can lx. 
calculated. This means determining theoretically, for the 
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first lime, that fundamental chemical quantity — ^thc heat 
of reaction ot a gas I'eaction at absolute zero. This is the 
first advance into what we have indicated as the fourth 
stage of pltysical chemistry. 

9. The Heat of Vaporisation of Monovalent 
Metals 

We must now mention some very interesting work by 
Haber, who has calculated Ironi the lattice-energy the 
energy of a typical homopolar process, the heat of vaporisa- 
tion D of monovalent metals. He assumes the solid metal 
to be composed of positive metal ions and electrons, just as 
salts of the type NaCl compiise positive metal ions and 
negative halogen ions. Then the proceiss of vaporisation 
can be divided into two : FiisL, tlie hetcropolar reaction, 
involving the dissociation of the lattice into positive ions and 
electrons ; and then the reunion of these to form neutral 
metal ions. We can, therefore, write 

D^U -J 

where U is the lattice-energy and J the ionisation-tension 
of the metal. To calculate U, tlic exponent of repulsion 11 
must be known ; tliis is obtained, as with salts, from llii> 
compressibility. Here, however, n docs not always equal 9, 
but assumes various values — for the alkalies, botwei'n 2-5 
and 3'4 : for copper, 8*o ; for silvei, q-o. The heats of 
vaporisation D arc obtained by subtracting J fiom the 
energies U calculatc'd from these »-values ; tliey agree 
remarkably well witii observed values. 

liven if objection can be made to Haber’s hypollicsis of 
llie structure of metals, it would still seem to be fundamen- 
tally true. 

Conclusion 

This theory is also being extended in otlicr directions. 
'Huis Fajans is endeavouring by itsjaid to obtain more 
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accurate knowledge of the size, energy, and mobility of the 
ions in aqueous solutions. 

From the physical side, the electrostatic conception of 
the lattice-energy U is supported by the fact that other 
physical properties of the crystals have been calculated from 
the same assumptions concerning atomic forces. Here also 
the author has obtained good agreements in some cases,*® 
and, in others, distinct indications as to how the theory may 
be improved.®® Apart from the crystals of the alkali halides, 
fluorspar (CaFj), zinc-blende (ZnS), galena (PbS), periclase 
(MgO), and calcium oxide (CaO) have been closely investi- 
gated.®^ The results obtained are important in the thermo- 
chemistry of divalent elements. Thus it can be shown,®* 



Figs. 6 and 7.— Illustrating the idea of electron-affinity. 


that the affinity of the divalent sulphur atom for its two 
electrons is E, = 45 kg. -cals. ; for oxygen, no data of suffi- 
cient accuracy for the determination of its electron-affinity 
arc available.®^ The determination of the electron-affinities 
of the halogen atoms is of the greatest importance in tlie 
solution of the problem of the structure of atoms. At first 
glance it seems impossible to construct fiom purely electrical 
forces an atom which, in the neutral state, is less stable 
than after it has taken up an electron. But Kossel 
miltedly in another connection — ^has shown that this is 
conceivable. To give an example, let us take as a crude 
diagram of the atom a rigid sphere, having a radius r. and a 
positive charge 3^. If we add to it electrons, assumed to 
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be points, they will attach themselves in regular flgures^|.o 
the surface of the sphere. Three electrons, added td^ the 
neutral atom, form mi equilateral triangle (Fig. 6), four 
electrons, added to’ the negative monovalent ion, form a 
regular tetrahedron (Fig. 7). Now we can readily obtain 
from these figures the following expressions for the electro- 
static energies of these two configurations : 

-^-‘{ 9 - Vd) = - 7 X 7’269- 

7(12 - j X 9-32fi. 

Therefore ^4 is less than ^3, i.e. Lho ion is more stable 
than the neutral atom. 

Naturally, this model has no claim to represent reality, 
but it illustrates clearly the idea of electron-affinity. Never- 
theless, it is to Bohr's theory of the atom that we must look 
for the complete solution of tlic problem. 

When we contemplate the path by which we have come 
we realise that w^e have not penetrated far into the vast 
territory of cliemistry ; yet we have travelled far enough to 
see before us in the distance the passes whicli must l)o 
traversed before physics can impose her laws hci 

sister science. 
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Lawson Seventh Edition Cr. 

^s net 

blDELIGHTb ON RELATIVITY. Tw. 
Lectures b\ Albert Einstein Cr 
t>d net 

THE MEANING OF RELATlYIlY. Cr 
3, net 

Other BooKi un the Einstein Theory. 
bPACE— TIME— MATTER lU Hermans 
Weyl Uem\ oto itij net 
LINSTEIN THE NLARCHl R Hu Work 

EXPLAINED IN Dl ALGOL Ea WITH EiNSiTUn 

Bv Aleyasdlr Mo^ZKUW^KI lum\ 
net 

A\ IN TRuLaclIDN TO THE THLuKY 
ul KlLAlIYllV By L\ndon Polios 
SeiosiJ Edition Cr 8lc Ai net 
RLLArJMlY AND GRW II ATKiN Ha 
\ ario Us U fliers E liied bv j Malcolm 
Bird Cr 5s t>d net 

RELATIVin AND THL L\1\LRnI 
Bv Dr Harr\ SLiiMiDr :> ecut.a LjtiUjn 
I Cr 5s net 

THL IDEAS Ul I iNblElN’a 111L< iRY 
B% J H Thirrinl Cr &.0 A > ei 
RlL\ri\irY Ktk YLL lU IUkelpt 
Dingle. Third t iition F.ap 
zs net 

Evans (Joani LNOLISH ILWLLLLRY 
I 4*0 ^2 12> bJ net 
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“Fouga$so.“ A GALLERY OF GAMES. 
Fcuh, Aio, IS. (ui, tiil. 

DRAWN A1 A VENTURE. Roya/ Vo. 
I os, 6d, tut, 

Frflundllch (Dr. Horborl), COLLOID AND 
CA1»JLLARY CIIIiMIbTHY. Detny 
8yo. 36s. luf, 

Fylomon (Rose), FAIRIES AND CIJIM* 
NEVS. Fcap, 8i/o, FotnUenlh hdition. 
3S. GrL net. 

THE FAIRY GREEN, Seventh Eihtion, 
Fcap. Bvo. 3S. 6it. net. 

THE FAIRY FLUTE, 7 hmt luHiwit. 

Fcap. Suo. 3S. (hi. net. 

THE RAINEOW CAT AND OniER 
STORIES, Fcap* Bvo. 3s. 6tt. net. 
aibblns (H. de B.L INDUSTRY IN 
ENGLAND : HISTORICAL OUTLINES. 
WRh Maps niul Plans. Tenth luiUton. 
Demy 8vo, 135. Od. net, 

THE INDUSTRIAL HISTORY OF 
ENGLAND. Wllh 3 Maps anti a Pinn. 
'J'wenty’smnih Fdtfion. Cr. Bvo. 5s. 
Gibbon (Edward). THE DECLINE AND 
FALL OF THE ROMAN EMPIRE. 
Edllctl, with Notoa, Appendices, and Maps, 
by J. IL IltJRY. Seven VoUmes. Denty 
8po. Illustrated, hach las. 6d. net. 
Aiso in Volumes. Unillustrated, 

Cr Svo, hach p. Od, net, 
fllovar (T. R,)— 

Tiiii Conti ict of Relioiohsin the Eaei v 
Roman Em pi an, los. 6d. tut. Pom and 
Puritans, jos, 6d. tut. Prom Periclfs 
TO Piinir, 10s 6d, net, ViKOit, 10$. 6tL 
net. The Christian Trauition and its 
VhKiPiCATiQN (The Angus Lecture for 
Toia). Cs net. 

Grahamo (Kenneth). THE WIND IN 
'HIE WI LLO WS, Twei/th hdition, Cr. 
bMrt 7 s 6d. net. 

Also small j\io, los, 6d net Illustrated 
by Nancy iJarnhart, 

Hall (H. R,). IIIJ. ANCIENT HLSIOKV 
Ol- THE NEAR EA.sr FROM ITN< 
EARLlLSr TIMES 10 THE HAIILE 
OF SALAMIS, Uluslralcd. ht/ih hdt 
tion Demy fipo. iJs. net 
lloldsworth |W, S.). A HISTORY OP 
ENGLISH LAW. Seven Vohnus. Demy 
8t/e tuach 255 net. 

Inge (W, n.). CHRISIIAN MYSIICISM 
(Ihc lianipton lectures of iHgi;) Ftfth 
hdUion Cr. 8t/o p bd. net 
Jonks (E.). AN OUlLlNE 01 INGl ISH 
LOC \h GOVERNMENT, Ftlih Uttion, 
('r. But), sv. net 

A biioH r Hisroin of English law * 

From the Eariifst Iikus to tuh Ewn 
OP THE Year ion. 

Demy Svo 12s (ul net 
yulian (Lady) ol Norwich. KIM LA 
IION.S OF DIVINE LOV1-. Fdiied h\ 
Grace Warrack. Swu/A Lduton. Ct 
Spa ss. net, 

Keats (John). POEMS. Edited, wlih In* 
troducUon and Notes, by E di biiiN* 


COURT, Will) a Frontlgpicco in Photo* 
gravure. Fourth LMj/it»i. Demy 8po. 
izs. 6d. net. 

Kidd (Benjamin). THE SCIENCE OF 
POWER, Ninth hdUion. Cr.Bvo 7$.Cul,nel. 
SOCIAL EVOLUTION. Demy 81/0. 8s.6</.iicL 
A PHILOSOPHER WITH NATURE. 

Second Edition. Cr. Bvo. 6s. net, 
Kipling fRudyard). nARRACK-ROOM 
liALLADS. 338/A Thousand, Cr. 8vo, 
IJuckram, 7s. bd, net. Aiso Fcap. Bvo. 
Cloth, 6s. net { leather, ys. 6d net. 

Also a Service Edition, Two Volumes, 
Square Fcap Bvo, Each ts. net. 

THE SEVEN .SEAS. i6jsl Thousand, 
Cr. Bvo. Fuchrom, 7s, bd. net. Also 
Fcap Bvo. Cloth, 6s, net ,* leather, 7s. 6d. 
net. 

Also a Service Edition. 7 rro 
Square Fcap. 8po, Each 3s, net, 

THE FIVE NATIONS. 120/A Thousand. 
Cr. Bvo. Buckram, 7s. 6d, net. Also 
Fcap, 8vo, Cloth, Os. net , leather, 7s. 6d. 
net 

Also a Scrvlro Edition. Two Volumes, 
Square Fcap, 8vo. hach net 
DEPAHrMENTAL Dl I’TIEb. losrd 
TAoitstjntL Cr. Bvo. Duthram, 7s. 6d. 
net. Aiso Fcap, Bvo. Cloth, 6s. tut; 
leather, 7s. bd. net. 

Alao a Service lidition. Two Volumes. 
Square Fcap Bvo, hath 3s. iiW 
THE YlCARS HE TWEEN o^/A Thousand. 
Cr 8c'o ttiukram, 7s OU. net. Tiap 
Bvo. Cloth, bs net, teat In r, 7s (ui net. 
Also a Sorvitc Editunt t tto I olumes, 
Saunrr Ptnp fli'a / (uh 3s net 
A KIPLING ANIHOLOf.V— VERSr. 
Ftap. Bvo. cloth, Bs net I vatker, 7s 6ti 
net, 

IWENTY POEMS M<(;M Rl DYARl) 
klPLlNG. 3*JfA Jhou\and. liop Bvo. 
IS net. 

Knox (E. V. Q.), f^Evoo* <>l Fniu/i ) 
PARODIES KK.AINM) JIlu^tij.itMl 
by Gi ORGi- Morrow /'tap, 8 vu as. (>d 

Jti / 

THESE LI HliR 1 lliS Ftap Bvo |S Bd tiii 
Lamb (Clmrlos and Maryf, llllv ( OM* 
PM-riE WORKS. ] ditrd by T V 
1 ucAS, A New and Fevt^ed f dition tn 
Sit I'otumc^. Uh I tonti'tpieics htap, 
Bvo hack tis net, 

I hr voliinios .ire — 

I, MlstPUANKOUS Pnosp, It ElU AND 
TlTK LAivT J'SSAY CiP I'.JIA Ml ItOdKs 

FOR CmiinaN iv Pi/vs and Poi \i'> 
V Itul VI Lftti 

Lankoator (Sir Ray), S( lENCE 1-ROM AN 
I \SY CHMR Illnslj.ilod IhifUenth 
t dtiion, ir S(t> 7s <\d net 
sen NCE PROM AN !• ^S\ tllAIK 
bct^oih/ Sftus lllibti .it( d J Inrd I di' 
tion ( r Bio 7s t></ lu/, 

DIVl-.KSlONij Ol ^ NATURAITSr 
llluslratcfl. Third J dUton ir tJvo, 
75. 6(/. net 
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SECRETS OF EARTH AND SEA. Cr. 

8s, Od. net. 

GREAT AND SMALL THINGS. Ulus- 
trnlotl. Cr, Bvo, ^s, net, 

Lemrboura (A. O,) radio FOR EVERY- 
BODY, llliistiAled. Cr, 8uo, ys, Cd. 

uel. 

Lodge fSIr OllveT). MAN AND THE 
UNIVERSE. Ninth Jidition. Cr. Bvo, 
ys, 6 d, net. 

THE SURVIVAL OF MAN ? A Studv in 
Unhrcoonizsd Human Faculty, Seventh 
Jidihon* Cr, Bvo. ys, Cd. net, 

MODERN PROBLEMS. Cr.Bvo. ys.Bd.net, 
RAYMOND} OR Lipr and Dratii, 
IlBistratoil. Twelfth Bdthon. Demy Bvo. 
iOi(. 6d. net, 

RAYMOND REVISED. (Abbrovlnled 
cdilton). Cr, 8uo. 6s. net, 

Lorlng fP, H,), ATOMIC THEORIES 
Second BdtHon. Demy Bvo. 12s, Bd, net. 
Luces IE, V.) — 

J’UK Live op CitARLSS Lamb, a vols., 21s, 
net, A Wanukrpr in Holland, ios. Bd 
net. A Wandeupr in London, ios. Grf. 
net, London Revisited, 10s, net. A 
Wandkrui in Paris, ros. and 6s, 

net, A Wanderer in Florence, 10$, Bd. 
net, A Wandfrpr in Venice, ios, 6i/. net 
Thk Open Road; A Lltllo Book for 
Waylarera, 6s, OrL net. The Fkikndlv 
Town; A LJltlo Book lor Ibc Urbane, 
Bs. net. Fireside and Suhsiiinf, 
Bs. net, CiiAUACTEH and Comedy, 6 s . net. 
Thk Gentibst Art; A Choice of Loiters 
by Rnlcilainitig Hands, 6s, Bd. net The 
Skconij Post, Os net. Her iNiiNirit 
VariiiTY . A rcminjuo Portrait Gallery, 
6s net Good Company, A ICally oI Men, 
6s. net, One Day and Another, 6s net, 

01 D Lamps i or New, 6s. net, Loitfrlr's 

llARvrsT, Gs. net. Cloud and Sh vi r, 6s 
net, A Bos WEI i op Baghdad, and othfu 
R ssAva, 6s, Jt^f H'wixt Lagih and 
D ove, 6s net. riiu Phantom Journal, 
and oitiTR Hssays and Divi rstons, Os 
net SPKIALLY SLltvCTED A LllOHO of 
Lhs.ivs, ys, Bd. net, Ukuanitifs Jllus* 
Iraletl by G. L St amp a, 7 ' Grf net 
Giving and Rrci ivinc, 6s net You 
Know what Pjopm' Ari . net 

lull British Sihool; An Auccdot.il 
(tUuIc lo the British Painters and P.unt 

in the N.itioinl Gatlcrv, os net 
RoviNi, 1 ‘AST and Roving \Vi ST Koics 
gathered in India, |.i]Mn, and Aiurnra 
5s net liinviN AtsriN Aiinitv, R A, 

2 vols £6 6s. net. Vi rmlkr op Dlipi, 
IOS 6<f. net 

Maseltold (John). ON THE SPANISH 
MAIN A iicweditton. Cr Bvo, Bs.Bd lut 
A SAILOR’S GARLAND, ,'>eiotui 
hdttton Cr Bvo 6s net 
SEA LIFE IN Nl'LSON’S IIME Illus 
tralcd Second f dttwn (r Sit/ ‘js net 
Moldrum(D.S.), KKMBRANDPs PAIN I'- 
INGS. Wide Royal 8po. 43 3s n^L 


Methuen (A,). AN ANTHOLOGY OF 
MODERN VERSE, With Introduction 
RoiinnT Lynd, Twelfth^ Edthon, 
Fcaji. 8vo, 6 s, net. Thin paper, leather, 
ys. Bd, net. 

SHAKESPEARE TO HARDY j An An- 
thology OP ENOLiaii Lyrics. With an 
Inlrodiicllon by Robert Lynd. Third 
£df/jo«, Fcap. Bvo, Os. net. Leather, 
ys. Bd, net. 

MoDougall (William), AN INTRODUC- 
riON TO SOCIAL PSYCHOLOGY. 
Fighteenlh Fdiiion. Cr.Bvo, 8s, Od.net. 
BODY AND MINI); A History and a 
Defence op Animism. Ft/ih hdifion. 
Demy Bvo, 12 s. 6d net, 

NATIONAL WELFARE AND NATIONAL 
DliCAY. Cr. Bvo. 6s, net, 

Maotorlinok (Maurioet— 

The Bi uk Bird ; A Fairy Play In Six Acts 
6s iipf. Mary Magdairnk; A Play in 
Three Acts, 5s. net. Death, 3s. Bd. net. 
OuK F.TLRNny, 6s. net. The Unknown 
GuLST, 6s. »^f. Poems, ^s, net, 'Imb 
Wrack op the Storm, 6s. net. The 
Miraci p of St. Anthony ; A Play In One 
Act, 3s 0(f net. The Burgomastfr of 
Stilemonde; A Pl,iy in Three Ads, ss, 
net Tm Hetrothai , or, The Bliii' Bird 
Chooses, Os. net. Mountain Paths, ns. 
net, Till' Story op Tyltyl, 21s, Jt4f. 
The Grkm Secret, ys. Bd. net. 

Mllno (A. A.)- 

Not that it Matters. Fcap. Bvo. 6s, 
net. Ip 1 May Fcap, Bvo, G< net 
Newman (Tom), HOW TO Pf.AY BIL- 
LIARDS. Illustrated. Cr. bvo Ss. Bd. 
net 

Oxenhnm (John)— 

Bprs in Amrer; A Little Hnok o( 
llpniKhtfiil Verso Toft bvo. 

Ati/f fioatds net All’s Wrii j 
A Colledion of War INionis. Ihe King’s 
HkiH Wav 'Ihf A'lsios Si’ii<Nnif> 
hiK i 11 iiv Cross. Hit.ii Ait^hs Ihe 
Roc (lid of .1 Visit to the Bilttlefields ol 
Iraiue and FlatuUrs Heaius t<>i»<- 
(,i ous, Ail Cl!' ah' /lit Siii<r/f /’<jH 
8t'0 Faptr, is id <j<f, 4tolh fmtir js 
net Winds 01 luu Dawn. (iHNIII.mun 
— The King, 2s. net. 

Potrlo (W. M. Flinders). A HISltiRY OF 
l'(,\PI JUublritud, I oluntei (r 
bi'o 1 tfi h ijs net 

Voi I I ROM TIN 1st ro niit Wliii 
Dynasty ‘J enth I'dtlton (12s net) 

Voi II. liiL Wllnr and XVIlhii 
Dyn ASTI Its I'dtiton, 

Veil 111 M\ih to XXXfH Dynastifs, 

S4(f}Hrf I'dtluni 

Voi IV I (,vi‘r undpr tup pTOiruAic 
Dynasty I.PMahajiv Setoud I duum 
\'ai, V I i.ypr undir Homan Kirn 
) G Mil N! Srrciijff / dttton 
Vot \’l Imapt in Tin Middip Ac.ps 
Stan ley Lam Pool it Second )'<f 1/1011, 
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SYRIA AND EGYPT, FROM THE TELL 
ELAMARNALETFERS. Cr,8vo. 5 ^. 

EGYPTIAN TALES. Translated from tlio 
Papyri. First Series, ivth to xiitU 
Dynasty, Illustrated. Third FJtHon, 
Cr. Svo, 5s. nfL ^ ^ . 

EGYPTIAN TALES. Translated from the 
Papyri. Second Series, xviiUh to xixth 
Dynasty. Illustrated. Sicoud Udtiion. 

P*nMlTArlll« w!). THE ENJOYMENT 
OF MUSIC, Second Edition, Cr, 8vo, 

P/foVlt! L.). A SHORT HISTORY OF 
POLITICAL ECONOMY IN ENGLAND 
PROM ADAM SMITH TO ARNOLD 
TOYNBEE, Elmnth Edition, Cr. ivo. 
is, net. 

Selous (Edmund)— 

Tommy Smith’s Animals, Tommy 
Smith's Otiisr Animais. Tommy Smith 
AT TUB Zoo, Tommy Smith again at 
TUB Zoo. Each 2s, Qrf, Jack's Insects, 
3s. 6d. Jack's Other Insects, 3s. 6d, 

Stiellej (Percy Byishe). POEMS, With 
an Introduction by A. Clotton-Brock 
and Notes by C, D. Locock. Two 
Volumes Demy 8vo, Ci is, net, 

SHELLEY; THE MAN AND THE POET. 
By «Cl iTTON*BBOCK. Fcap 8w, ^s,6d^net. 

Smith lAdam). THE WEALTH OF 
NATIONS. Edited by Edwin Cannah. 
Two Volumes, Third Edtiion, Demy 
8i)o £1 3f. net. 

Smith CS. 0 , Kalnes), LOOKING AT 
PICTURES. IlluHrated. Second Edi- 
tion, Fcap, 8yo, 65. net, 

Sommerfeld (ProL Arnold). ATOMIC 
STRUCTURE AND SPECTRAL LINES. 
Demy 8yo, sa?, net, 

Stevenson JR. t.J. THE LETTERS OF 
ROBERT LOUIS STEVENSON. Fdited 
by Sir Sidney Colvin A New Re- 
arranged Edition in four volumes. Fourth 
hdUton Fcap. Svo, Each 6s, net, 

Surtees (R, S.)— 

Handley Cross, 71, 6d. net Mu 
Sponge's Sporting Tour, ys, 6d, net 
Ask Mamma : or, The Riclicsl Commoner 
in England, ys. 6d. net Jorrocks's 
Jaunts and Jollities, 6s. net, Mr, 


Facey Rompord’b Hounds, ys. 6d. net. 
lUwDUCK Granoh j or, The Sporting 
Ativentures of Thomas Scott, Esq., 6s, 
net. Pi AIN on Ringlets? ys, 6d, net, 
Hillingdon Hall, ys, 6d, net, 

Tllden fW. T.L t/ie ART OF LAWN 
TENNIS. Illustrated. Fifth Edition, 
Cr, 8yo, 61. net, 

Tilaslon (Mary W.), DAILY STRENGTH 
FOR DAILY NEEDS, Twenty etghih 
Edition, Medium iCmo, js. 6d. net, 
Underhill (Evelyn). MYSTICISM. A 
Study in tJic Nature and Devotopiocnt of 
Mini’s Spiritual Consclousnees, Ninth 
Edttion. Demy Svo. net, 

THE LIFE OP THE SPIRIT AND THE 
LIFE OF TO-DAY, Third Edition, 
Cr. Svo. 81. 6d. net, 

Vardon (Harry), HOW TO PLAY GOLF. 
Illustrated, Sixteenth Edition, Cr. Svo, 
55, 6d, net. 

Wade fG, W,). NEW TESTAMENT 
HIS TORY. Demy Svo. 185. net. 

OLD TESTAMENT IIISTORV. Ninth 
Edition, Cr. Svo, ys. 6d. net. 
Waterhouse (Elizabeth), A LI TTLE BOO K 
OF LIFE AND DJCATII. Twenty-hnt 
Edition, Small Pott Svo, 2S. 6d. net. 
Wells fJ,}, A SHORT HISTORY OF 
ROME. Eighteenth Edition, With 3 
Maps, Ct. Svo, 5f. 

Wilde (Oscar). THE WORKS OF OSCAR 
WILDE, Fcap. Svo. hack O5 6d, net, 
1. Lord Arthur Savur's Cuimk and 
TUB Portrait op Mr, W. II, 11, Thk 
Duchrss op Padua, iit Pofmi, iv. 
Lady WiNDBRMiRii's Fan, v. A Woman 
OF No IMPORTVNCB VJ. Ak IDLAI. IIdS' 
RAND. Vl(. TilR ImPORTANCR OP BllNT, 

Earnest vjii A House of Pomi* 
GRAN AXES. IX INTENTIONS. X Dr Prc). 
lUNDis AND Prison Lkttfrs, xi. Fs 
says. XU. SviOMR, A I’lOKENTINtt 
Tuvci-dy, and I.a hAtNin C ouiuisani- , 
Ain A Critic in Paii Mail, viv 
Sti ECTED Prose of Oscar Wn i>e, 
vv Anr ANii Dmoration, 

FOR LOVE OF THE KING A IUirmis' 
Masque Demy Svo 81 6d net 
Yeati fW. B,). A BOOK OF IKl^H 
VERSJv. hourth I dilion, Cr.Svo 7s,net, 


Part II, — A Select 
The Antiquary’ 

Demy Svo, 105. 6d. net each volume. 
Ancient Paivtfd Glass in England. 
Archeology and False Antiquities, 

The Bells of England, riis Brasses 
op England, ThzCastlks and Walled 
Towns of England. Celtic Art in 
Pagan and Christian Tihfs. Church- 
\s ARDENS’ Accounts, Thb Domfsday 
Inquest. English Church Furniturf. 
English Costume. English Monvstil 
Life English Seals, Folk-Lore as 
AN Historical Science Thf Guilds and 
Companies op London. The Hermits 
AND ANCHORITBS OF ENGLAND, Thb 


ION OP SURIKS 

s Books 

With Numerous lUu^haiious 
Manor and Manoriai Rhroitns Thb 
MeHI/FVAI IIoM'ITATS or l-NtiLANll 
Oil) Engmsm Instrumfnts op Music 
Om) English iHimARiis Old Skrvilji 
Books of ihk English Cituitcii Parish 
Life in Medieval Fngiand, 'I he 
Parish Rpgjsti rs of JiNniANo Ka- 

MAIN3 OF 1JIF PumiSTORIC Agh IN I'NG 
I AND ini' Homan I-ra in Biiitain. 
Romano-British Buildings and Earth- 
works. run. Royal Iorfsts ov 1 ng 
LAND, I'llF SCHOOIS OP Ml DIAIVAI ENG- 
LAND, Shrinks of Bruish Saints. 
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The Arden Shakespeare 

General Editor, R. 11, CASE 
Demy Bvo, 6$» net each volume 

An edition of Shalccspcare in Single Plays; each edited with a full Intro- 
duction, Textual Notes, and a Commentary at the foot of the page. 
The Arden Shakespeare will bo completed shortly by the publication of 
THE SECOND PART OF KING HENRY IV. Edited by R. l\ Cowl. 
MUCH ADO ABOUT NOTHING. Edited by Grace Trenerv. 


Classics of Art 


Edited by Dr. J, II. W. LAING 
With numerous Illusinttiofis, Wide Royal %vo 


Tun Art op the Greeks, sis, mi. The 
Art of the Rohans, i 6 s. mi. Chardih, 
15^, mi, Donatello, i6s. mi, Georor 
Romhev,iS£. mi, Ghiri ahdaio, 155, mi, 
Law kenci^ , 35$. ntl, Miuiki.akobi o, i^s, 
nfi, Raphael, 15 s, mi, Rembrandt's 


RTCitmos, 31S, 6 {(, ml, Rembrandt's 
rAiNTiNQs, 63s. ml. Rudcns, 305, mi. 
Tintoretto, 1O5, H<f/. Titian, iOj. mi. 
Turner’s Sketciibs and Drawinos, 
15s, mi, Velasquez, 15s. mi. 


The * Complete ’ Series 

Fully Tlluslrated, Demy 8vo 


The Compietk Airman, ji^L The 

CoMPiKTE Amateur Roxer, 105. 6<l, mt. 
The Compifte Association Root- 
NAitFR, los. ml. The Compiktr 
Athirtic Trainfr, ios. 6 d, mi. Tub 
C oMpiCTE Billiard Plavrr, ios. Oil, 
tul. Tin- CoMPLFTE Cook, 10s. Od, ml. 
Tjic Compiftf I^oxnoNiER, 16s, nel, 
liir CoMPj FTP Goiffr, ms, 6 d, mf, 
'l‘nr CoMPii te IIocki-y Pi aver, ids. OiL 
t\ft The COMPlJTh JIOKSLMAN, I5S. 
mi. Till' COHPl ETF JujlTHUAH, CV8vO 


•is. ml. The Complete Lawn Tennis 
Player, 12s, 6d. mi. The Compiete 
Motorist, io 5 , 6d. ml. The Complete 
Mountaineer, ids, mi. The CoMPn-Th 
Oarsman, 15s. mi. The Complete 
PHOTOGRA l»llFR,I2S,6r^ HP/, THH COMPLETE 
Ruchv Foothailfr, on the New Zka 
I AND System, 12s. 6rf mt. The Com- 
piFTE Shot, i6s, mt. The Complete 
S\MMMFR, J 05 . 6d ml. The Compilte 
^’acutsman, 18s »<;/, 


The Connoisseur's Library 

With tiuiiierous Illuslrnltoiis. U'xle Jioyal Svo £i i li. 6rf. tiel each volume 


1 NoiTsii Coioriin) Bools. Ftchings 

llllIlPLAN iiNAMIlS riNfc UoOK*, 

(ilASS (lOniSMllHS* AND bU VFRSMl I IIS’ 

Work Ilivmjnmid Malislhipts 


Ivories Jewekfry. Mezzotints 
Miniatures Porcli ^in. Seals 
Wood Sculpture, 


Handbooks of Theology 

Demy 8i'0 


Thp Doctrisf of the Ilcarnation, ms ) 
url A History oj- Iaiuv tiiui'.TiAN 

l>IItTUIM, iLs net, IMRODIHIION ID 

THE Hist OK \ oi Kelilion, od mt. 
An IhTKUDI CTION 10 'JHF lIlSTOin OP 

Health 

Fcap Svo, 

The Bauy Thf Care of the The 

Carl op tup TtEui The Lvi-s of our 
C lIlIDKEN HfAITH for THE MlDDlF- 
AoH> iHl Hi mu OF A \\ OMAN [lit 

Ht Ai iH Ob THF Skin, How to Ii\f 


ihfCrffos, 125 Od mi.Tnv Philosophy 

OF KFIIOIOK in 1 Nl.lAND AhU \Mt RU A, 

I2S, L(/. ml iHE X\X 1 \ AKHiLFi^ Oh 
THE Church of Lnolano, ijs mi 


Series 

2s, 6d, net 

I.ONO The Prevention op the Common 
C 01 D, Staving thf J’lagil, riiROAi 
and I A» IrOUBIFS '1 UBFRCULOSjIs 
J' liE IlhAlTIl OF JHF Cllilll, 2S mt 
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The Library of Devotion 

Handy Editions of the great Devotional Books, well edited 
With Introductions and (where necessary) Notes 
SviaU Pott Bvo, cloth, 3s. net and 3s, dd. vet 


Little Books on Art 


With many Illttstrations, Detnv i6mo* 5s, not each volume 


Each volume consists of about 200 pages, and contains from 30 to .^o 
Illustrations, including a Fiontispioco in Photogravure 


A I BRECHT DUrkr, Tub Arts of jArAN. 

hoOKFLATBS, DOTTICBLLI. BORNE* 

Jones, Cellini, Chhistian Symbolism, 
Christ in Art. Ciaude, Constable. 
Corot. Early Enowsh VVater-Colour, 
Enamels, I*Rr>DSRicLrioiiTON. Guorob 
Eomnev, Greek Art. Greuze and 


Boucher. Holbein. Illuminated 
Manuscrifts. Jpwkllfrv. John Hoff- 
NER. Sir Joshua Reynolds, Miiift, 
Miniatures, Our Lady in Art 
Uafhael, Rodin. Turner, Vanovck, 
Watts, 


The Liitle Guides 

With many lUiistiations by E. H. New and other artists, and fioni 
’ photographs 

Small Poll 8uo. net to 75. Gif. net. 

Guides to the English and Welsh Counties, and some well-known districts 

The main features of these Guides are (i) a handy and charming form ; 
(2) illustrations from photographs and by well-known artists; (^) goocl 
plans and maps , (.j)an adequate but compact piesenlation ofeveiylliing 
tlinl is inteiesting in the natuial features, history, archaeology, aiul archi- 
tcctiiie of the town or district treated. 


The LltOe Quarto Shakespeare 

Eflilcd l>y W. J. CRAIG. With Introductions and Notes 

Pott i(>ino «jO \^ol times. Leather, price 91/, net each volume 
Cloth, lA. bd. net. 


Plays 


Pcap, Svo. 

MlLF<iTONrs, Arnolfl Bennott aiul Ltlward 
KrioblorU hUvnith lultlwn 
liiiAi Musbanu, An Oscar WiUlc, .If/- 
J'dttiOU, 

Kismi'T, lid ward Kiioblock. hourth /*</<* 
ttou. 

Tiij (iREAT Adventure. Arnold Bennett. 
I’itth t’diUon 


3s. 6d, net 

lYPHOON, A Play in Fnnr Acts. Mclrhior 
LoiiKyel, Pnplibh \’iTsioii by Lanieiuo 
Irviiiff. SnonU JuiUtou 
Waui Cask, Iue. Geoige Plevdell 
Gi-neral Post. J, li. Harold Jerry. 
iyffotul /if/r/io;i. 

T»r lIoNi YwooN. Arnold Bennett J inni 
/ (iihon 
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Sports Series 

Illustraled. Pcap. Zoo 


All About Flvino, 3s. ml, Alpine 
Ski'Znq at All Heiouth aho SealonSj 
•is, mt, Cross Countrv Skmnoi ss, ml. 
Golf Do's ano Dont's, 2$, nif, mt. 
Quick Cuts to Good Golf, js, 6^. net, 
INSPIHUD Golf, as. 6 <i. ml. Driving, 
ArrROACiriNo, Putting, as. mi. Golf 
Clubs and How to Use Them, as, ml. 
Tub Skcret of Golf for Occasional 


PLAvERSi as. ml. Lawn Trnnis, 3s. ml. 
Lawn TSNNia Do's and Dont’s. as, ml. 
Lawn Tmnnis for Youno plavkri, 
as. 6 ti, Lawn Tiinkis for Cluii 

Playbks, as- »<l^ Lawn Tennis for 
Match PlAVKRS, as, OrL ml, IIockby, 
iS, ml, I low TO Swim, as, ml. Putt- 
ing, 3s. OiL ml. Skating, 3s. ud 
Wrustlino* *id. 


The Westminster Commentaries 

General Editor, WALTER LOCK 
Demy Svo 


Tub Acts of the Apostles, las. 6(1, ml , 
Amos, Bs. 6<i, mt. I Corinthians, 8s, 
6 d, mi. Exodus, 13s, mi, Ezekibl, 
las. 6(j. nel, GbNbsis, i6s, ml, Hbbkrws, 
8s. 6 fl. ml. Isaiah, 16s. ml. Jbrbmiah, 


t 6 s,mt. Jotif Ss. 6d.mt. The Pastoral 
Epistles, Bs. 6(1. ml. The PitnippiANS, 
85. 6(1, mt, St. James, 85 . Oti, mt. St. 
Matthrw, 13s, mt, bT. Lukb, 13^. mt 


Methuen’s Two-Shilling Library 

Cheap Editions of many Popular Books 
Fcap. 8vo 


Part III. — A Selection of Works of Fiction 


(Arnoltl)-^ 

Clayhangerj 6s. ml, Hilda Lbsswavs, 
8s. Od. ml I'ltuss Twain, The Card, 
Tub Ubolnt i A Five Towns Story of 
AdveiUtira In London The Pntc» of 
Love. I 3 urifd Aiivr. A Man from 
tub North. Whom God hath Joined. 
A Gruat Man : A ItoIIc. Mr Proiiack. 
/ill 7s Oil. nd. Tim Matador of the 
Fivb Towns, 6s. mt. 

Birmingham (Oeorgs A,)— 
hrANrsii troiD Tub Sfarch Party. 
r AT ace's I OVERS. ThkIJAdIiHES. Up, 
THE UniRts Thf Lost Lawyer All 
7^. (ui. mt. Tnishi i hv, 8 s (ui, ml Ihf 
(,R ii at GiiANDMinitHt, 7s.6it.ml. Found 
Monlv, 7 '*> £n/ 

Burroughs (Edgar Rico) — 

1 ‘ A UZ AN OP TUB A ITS, 6 S, ml lHR 
lU TlfKN OK I’arZAN, (>? Hd. 1 HK HEASTS 
OF Tarzan. 6s, ml Inn Son okTarzan, 
65. mt JtfNGfB Fa I PS QT Tarzan, 6s 
tld I'aRZAH and tub JfWRLS OF Op^R, 
6s Kfi I ARZAN TiiF Untamed, 7 s 6d mt. 
A PniNCiss OF Maks, 6s nd Thf Gods 
OF Mars, Os. mt Tiik Warlord of 
Mars, 6s mt I'iiuvia, Maid of Mars, 
6 ^. ml. TaRzan thf' 1 niRKH It, as tul mt 
Jith Ml CKFR, 6 s tul hf^ Man witpI 
our a Hout, 6s. >rfL hiii Cdissmin dp 
Mars, 6s mt. At the LAitrii’s Com, 
Os ml 

Conrad (Joseph) — 

A Set of bix, 7s. 6(1. mt Victory \n 


Island Talc. 6V, 8vo os, mt. Dr it 
Secret A-ornt : A Simple Dilo, tr, 8uo 
9S. ttsl. Undkr WtgrKKK hvBS. Cy. 
Bvo. os. mt. Chance, Cp. &fo. qs. mt^ 

Oorolll (Marla)’— 

A Konanck of Two Worn ns, 7s, (ui. mt. 
Vkndetta J or, The Story ol Dnc Vi>r- 
gottoH, 8s, mt. TiiriMA A Norwrgi.in 
Princess, 8s mt Ardath : riic Stin y 
of R Dead Self, 7s* 6(1. mt riiE .So 01 or 
Luitii, 7 t. 6 </ Wormwood . A l)r,Hn.i 
of P,iri3 8s m/L liARAiiUAs A DrcAfii o! 
the World’s J r. I gc<Iy, 7 > 6it o/t Ink Son- 
no wa or Satan, 7s. (ul ud I he Masu k 
Chihstian, 85 CJ mt Ipmporai I'owfm, 
A Siiifly in SupiciDdcv, 6s. net. <fOi«'s 
G lOD Man . A Siitiplo t ovt- Slorv, H\ tui 
ml Hoiv OKiihitH Ihfl Ir,tgp(lv of .1 
Quiet life, 8 a urt, J iiK Mitiiii V \ loM, 
7 s. 6rf mt Hoy A Mtet< Ji, 7s (ul jiei 
Camkos, <>s net. tin Lifk 1’ vim Asitho., 

8s 6<f, HCf llll I ovn OP J ONC, Ado, SMI 

Orni-R STfiitihs, Ht 6<f mt. Ks<heni, 
7 *^ 6<f m( Thf StMti'P IVtuiiK, A 
Roiiiniice of llw* rime, 6 s mt 

loNUPKS OF roKstlFNtK, 7l. 6 d mi 

I‘i tix ■ ffircc ^ Vara in .t I ife, 7s 6(f m, 
liiF Woman W’uic iuk Ian, 7s, 61/ mt 
Thk {»ari>i n <>k All Air, 8s ud ml 
' 1 ‘iitr Cam of iitj 111 ooti, iui mt 

1 liE IhVl I I T It -ON TIIF ] IIRI sIIOLI), 7f 6./ 
Iff/. JhfWa% of AMnnioN, 7s 6d nd 
In the WiLOi'HKKbs, 7J, 6ti. nd. 
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bsRs. Methuen's Publications 


if (iKANOE o? Air, a Man or Mark. 
Simon Dalk. Tiik Kino's Mirror, 
The Dollv Diaiooubs, Mrs. Maxon 
Protests, A Yoono Man’s Year, 
Beaumarov Home prom tub Wars, 
All7i* 6d, Mh 


aeobs (W, W.)- ^ 

Manv Cargoes^ 5s. tul. Spa Urckiks, 
55, »et ami 3t. 6rf. »w/. A Master of 
Craft, 6s. net* Light Freights, Gs. mi. 
The Ski pper's Wooing, 5s, net. At Sun- 
wicii Port, 55 - Dialstonk Lane, 

3s, net. OoD Craft, 5 s, nel* The Lady 
OF THE Barge, 5s, net. Salthaven, Os, 
neL Sailors’ Knots, 5$, net. Short 
Cruises, 65, nei% 


London (Jiek)«~- WHITE FANG, Nvtfh 
Ed%twu Cr, 8po, 7s. Oa, 


Luoss (E. V,)— 

Listener’s Lurr : An Obllqus Narralion, 
65, net. Over Bemerton’s : An Ensy* 
going Chronicle, 65. net. Mr. Ihglesidb, 
6s, net. London Lavender, 6f, net. 
Landmarks, O5. net. The Vermtiion 
B ox, 6s, net, Verbna in the Midst, 
8s. 6d, mi, Rose and Rose, 6s, net. 
Gbnevra’s Money, 75, 6d. net. 


M«Konna (SUphen)>- 
Sonia: Delwcon Two WorUls, 8?, net. 
Ninety- Six Hours' Leave, 7 s. Cd net. 
The Sixth Sense, 6 s. net. Midas & Son, 
35. net. 


MAlet (LuOAs)— 

The History or Sir Richard Cai mady : 
A Romance. 105. neU The Carissima, 
Thl Catbipss Barrier. Dpaoham 
Hard. AH 7s. 6d. net. The Waoi-s of 
Sin. 8s.net, Colonhl Endbrby’s Wipi , 
7s. Od, net. 


Mason ih, E, W.l. CLKMRNT1N\ 
Illustrated. Nmh Uilton, 7$. 6d, net. 


Milne (A, A.)- 

The Day’s Play. The IIoiidav Round, 
Omcr a Wpkk. ah 7s. dd. net. The 
Sunny Side, 6s. net. Tint Ruu House 
Mystery, Os, ml. 

Oxonham Wobn)— 

Til B Q uEST OF t H K G 0 1 .DK N Rose. Mary 
All-Alohe. 75, 6d. net. 

Parker (Gllborl)- 

Mrs, I'ALCitiOH, Thr Translation 

OP A v^AVAOK, WllRK VaI.MDND CAME 
to Pontiac j Tlio Story of n Lost 
Nftpolooii, An Advknturk of the 
North j Tho Lnsl Advoriliiros of ' Pretty 
Pierre.’ The Seats op the Mighty, Tjir 
Battie op thr Strong: A Roninnco 
of Two Kingdoms, 'I’lip Trail op the 
Sword. NoRTiiruN Lights, Judgement 
House. AH 75. Crf. net. 

PhlflpoHs (Eden)-- 

CilltURKH OP THK MlST. Thk RIVKR. 
The Human Boy and thr War. All 
75, 6 d, mi. 

Rohmer (Sax)— 

Thb Golden Scorpion. 7$.Cd.nel. Tiip 
Devil Doctor, Thr Mystktiy op Dji 
Fu-Manciiu, Thr Yellow Claw, AH 
35, 6d. net. 

Swlnnerton (F,) Shops and Housrs. 
SrPTHMERR. Thk Happy Pamm Y, On 
ThwStaircasp Coquette, iHrCiiASTi 
WiPP, All 75 Od, net. hir Mi «k\ 
Heart, The Cam mknt, The Yih'm, 
Idea. AH O 5 . net, The Tiieer Lovuns, 
75. 6d. net. 

Wells (H. 0,), nUALBY, Fourth Idthon 
Cr, 6vo. 75. 6 d, ml, 
wmiamsDn (O. N, mi<l A. M.)— 

Thk Lic.nTNiNoCoNDHcrOR ; flio Slr.uigr 
Aclvctilurcsof ii Motor Car Lady Bltjv 

ACROSS TUP Water, ir U^ppenh) in 

Egypt TuKhnop Thp Lii.jnNiNo 

CONDUrTHESb Mv I'ltfl'ND Till 

(HAUIIFIIK Sir IN SJIVPU Ini 
(iRUKl I’lAKl hum, 1 illK 1 OVP 
Pirate. -ttl 7s, c,d, ml. Chulu'IK 
CoKNRU 65 . net. 


Methuen’s Half-Crown Novels 

Crown 8110 

Cheap Editions of many of the most Populai Novch of the day 
Wtite for a Coniphlo ttsi 


Methuen’s Two-Shllllng Novels 

Fcap, 8tio 

iVrtie for Compleis List 
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